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Modèles prédictif de la composition et de la diversité des poissons en fonction des 
variables environnementales des lacs du bassin du Yangtze  
Résumé 
L’objectif de cette thèse est d’analyser des facteurs expliquant le patron des assemblages 
des communautés de poissons des lacs du bassin du Yangtze, en réponse à des variations des 
facteurs environnementaux physiques et la pression anthropique qui est considérée à travers 
des effets de la connectivité lac-rivière et de l’aquaculture.  
Dans un premier temps, nous étudions des relations entre les variables environnementales 
et les communautés de poissons dans ces lacs de faibles profondeurs (publications P1 et P2). 
Six lacs ont été retenus pour une étude comparative de la diversité et composition spécifique 
en fonction des variables environnementales. L’hétérogénéité des lacs a été décrite via le 
modèle ACP (analyse de composant principal) sur des variables environnementales. Seize 
familles et 75 espèces de poissons ont été collectées dans les lacs étudiés. La richesse et la 
diversité sont significativement supérieures dans des lacs pourvus de macrophytes (e.g. lac 
Liangzihu vs. lac Biandantang), avec en plus des variations saisonnières plus importantes des 
communautés de poissons. En accord avec la capture par unité d’effort (CPUE) de chaque 
espèce à chaque site des 6 lacs étudiés, les communautés de poissons sont classées en 3 
classes d’assemblage d’espèces. Ces assemblages de communauté, la CPUE total, la diversité 
et la richesse spécifique des ces lacs sont ensuite prédits par 15 variables environnementales 
avec des modèles de forêt aléatoires (RF) et l’arbre décisionnel de classification et de 
régression (CART). Les variables les plus discriminantes dans les modèles de prédiction des 
assemblages sont la profondeur, la distance de la berge et le phosphore total. Tandis que la 
CPUE, la diversité et la richesse spécifique semblent dépendre respectivement de (i) la 
densité des rotifères et la profondeur de l’eau, (ii) la surface du lac, la profondeur, la densité 
des rotifères et (iii) la profondeur et la température de l’eau. 
Ensuite, dans un deuxième temps, 70 lacs ont été sélectionnés pour étudier les facteurs 
structurant le patron de la richesse spécifique des lacs du bassin du Yangtze (publication n° 3). 
En utilisant le modèle SOM (Self Organizing Map), on obtient 3 classes de patron de 
distribution des espèces qui sont essentiellement expliquées par l’altitude, la longitude, la 
précipitation annuelle et la surface des lacs. Les environnements des lacs des clusters 2 & 3 
sont plus similaires que le cluster 1. Les lacs du cluster 1 sont distribués dans la partie haute 
du Yangtze dont l’altitude est élevée. Les facteurs qui contribuent le plus sont la profondeur, 
la température de l’air et la longueur du jour. Les lacs des clusters 2 et 3 sont distribués dans 
la partie médiane et aval du bassin du Yangtze dont le facteur distinctif entre les 2 est la 
surface du lac qui est plus grande pour le cluster 3. Les variables qui contribuent le plus sont 
la température de l’air pour le cluster n° 2 et la profondeur du lac pour le cluster 3. La 
richesse spécifique des lacs étudiés varie de 1 à 117 espèces, avec une différence importante 
entre les clusters. La valeur de richesse est plus importante pour le cluster 3, tandis que le 
cluster 1 a une diversité β avec une faible richesse. La variable la plus importante pour prédire 
la richesse spécifique est la température de l’air. 
Enfin, nous avons utilisé les données temporelles (1970-2010) de 8 lacs pour quantifier les 
conséquences abiotiques et biotiques de la connexion rivière-lacs et de l’aquaculture sur la 
communauté de poissons, e.g. taxonomie et diversité fonctionnelle (publication n° 4). Il y a eu 
un changement abiotique significatif après années 1990. En effet, nous avons détecté une 
tendance (bien que non significative) vers une baisse de la richesse spécifique de poisson 
pendant la période étudiée. De façon intéressante, nous avons trouvé que la similarité 
taxonomique de la communauté de poisson (i.e. diversité β) augmente significativement selon 
les années, indiquant une forte homogénéisation de la faune pisciaire lacustre. En outre, nous 
avons trouvé que la diversité fonctionnelle a diminuée dans la majorité des lacs depuis 1970. 
En particulier, la plupart des espèces migratrices, particulièrement ceux à longue durée de vie 
et de grande taille, disparaissent du lac qui contribue ainsi substantiellement à une diminution 
de la diversité fonctionnelle. 
Mots-clés: diversité de poisson, basin inondé, modélisation, richesse fonctionnelle, 
homogénéisation biotique. 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
Our aim in the present study was to analyze factors explaining fish community patterns of fish 
assemblages in lakes in the Yangtze River basin, based on environmental variations. 
Moreover, considering anthropogenic pressures on those lakes, we detected the effects of 
river-lake connections and aquaculture on fish community in those lakes. 
Firstly, we focused on the relationship between environment and fish community in 
shallow lakes in P1 and P2. Six lakes were chosen for comparative study of species 
composition and diversity in relation to environmental variations. Lake heterogeneity was 
described with environmental physico-chemical variables, using principal component analysis. 
Sixteen families, composed of 75 species of fishes were found in the studied lakes, Species 
richness and diversity were significantly higher in vegetated lakes (e.g. the Liangzihu Lake) 
than that in non-vegetated lakes (e.g. Biandantang Lake), and seasonal changes of fish 
community were more obviously in vegetated habitats than that in unvegetated areas. 
According to each species’ CPUE in each sampling site from 6 lakes spatially distributed in 
the mid-reach of the Yangtze River basin, fish communities were classified into three clusters 
of species assemblages. Fish community assemblages, the total fish CPUE, diversity and 
species richness in those lakes were then predicted by 15 biotic and abiotic factors using 
random forest (RF) and classification and regression tree (CART) predictive models. The 
dominant variables for discriminating three fish assemblages were water depth, distance to the 
bank and total phosphorus. While the two important variables in prediction fish CPUE, 
diversity and species richness were lake surface area and water depth, density of rotifer and 
water depth, water depth and water temperature, respectively.  
Secondly, 70 lakes were chosen to study factors structuring fish patterns and species 
richness in lakes in the Yangtze River basins in P3. Those lakes were classified into three 
clusters according to their fish species compositions using self-organizing map. It was mainly 
determined by altitude, longitude, annual precipitation and lake area to classify the three 
clusters. The environment of lakes between cluster 2 and 3 are more similar than that in 
cluster 1. Lakes of cluster 1 spatially distributed in the upper reach of the Yangtze River basin 
with high altitude, the most contribution environmental factors were water depth, air 
temperature and day length for lakes of this cluster. Lakes of cluster 2 & 3 were mainly 
distributed in middle and lower reach of the Yangtze River basin, the significant difference 
between the two cluster lakes was lake area, which was significant higher in lakes of cluster 3. 
The most contribution environmental factor was air temperature for cluster 2 and water depth 
for cluster 3. The species richness for each lake ranged from 1 to 117, which was significantly 
different among the three clusters and between each two of them. The highest value of species 
richness was appeared in cluster 3, while, the highest value of beta diversity were detected in 
cluster 1 with the lowest value of species richness. The most important role in predicting the 
species richness was air temperature. 
 Finally, we used temporal data (ranging from 1970 to 2010) from a set of lakes (n = 8) to 
quantify the abiotic and biotic consequences (i.e. taxonomic and functional diversity of fish 
communities) of river-lake connections and aquaculture in P4. There were significant abiotic 
changes that mainly occurred after the 1990s. In the case of fish diversity, we detected a trend 
(although not significant) towards a decrease in species richness over the period studied. 
Interestingly, we found that the taxonomic similarity (i.e. beta-diversity) among fish 
communities increased significantly over the years, indicating a strong homogenization of the 
fauna across the lakes. Additionally, we found that fish functional diversity has decreased in 
most lakes since the 1970s. Particularly, most migratory fish species, particularly those with 
long life-span and large body size, disappeared from the lakes, hence contributing 
substantially to the observed decrease in functional diversity.  
Key words: fish diversity, floodplain basin, modeling, functional richness, biotic 
homogenization 
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1. General introduction 
1-1. The ecological functions of lakes 
As we know, a lake is a body of relatively still fresh or salt water of considerable size, 
localized in a basin that is surrounded by land. Lakes are inland and not part of the ocean. 
Lakes are larger and deeper than ponds, and contrasted with rivers or streams, they are usually 
still or slow moving (Encyclopedia Britannica Online, 2011). Lakes perform a variety of 
ecological services, including flood conveyance and storage, sediment control, nutrient 
cycling, and provision of habitat for fish and wildlife. They also help to maintain biodiversity 
(Nyman, 2011). However, the critical nature of these ecological functions is only now 
becoming appreciated. Vast areas of lakes have been drained and otherwise altered throughout 
China as the population has expanded (Wang，S.L., Wang，X.G. et al. 2007). 
1-2. The status of Chinese lakes 
1-2-1 Lake diversity 
1-2-1-1 Classification of lakes by their formation 
Lakes are highly diverse on their origins, natural lakes are mostly rich in mountainous areas, 
rift zones, and areas with ongoing glaciation; they can also been found in endorheic basins or 
along the courses of mature rivers. In some parts of the world there are many lakes formed 
from chaotic drainage patterns left over from the last Ice Age. There are a number of natural 
processes that can form lakes. Depending on their formation, we can generally classified lakes 
into eight types (Olsen 2008), and their distribution in China is shown in Table 1-1.  
Fish community and environment in lakes in the Yangtze River basin 
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Table 1-1. Main types of lakes based on their formation and their distribution on China 
Type Formation  Main characteristics Distribution in China 
Tectonic/Rift lake  tectonism, volcanism and landslides large, deep, straight shoreline  
Highland (Tibet, The Yunnan-Guizhou Plateau and so on), 
Sichuan Basin, large lakes in the middle-lower reach of 
Yangtze river  
Crater lake form in volcanic caldera or crater  
deep, water clear, 
conical-shaped 
few, like Wudalianchi, some in Changbai Moutain 
Glacial lake melted glacier 
usually 4-6m deep, irregular 
coastline, green color  
high attitude mountains in Tibet, Xinjiang and western 
part of Sichuan 
Quake lake 
landslides dammed a river after 
volcanism or earthquake 
large, deep Northeast and Southwest part of China 
Fuviatile lake 
related to the development and 
movement of river beds 
shallow, flat bottom, zigzagging 
coastline 
many, usually in the middle and lower reach of rivers 
Karst lake 
Dissolution of a layer or layers of 
soluble bedrock 
small, shallow, round or ellipse 
or strip sharp 
Guizhou, Guangxi, Yunnan Province, 
Wind lake lower part between dunes 
small, shallow, temperate, no 
water exchangement 
Desert zones 
Gloe lake seperated from the sea large, shallow, flat bottom Jiangsu and Zhejiang Privince 
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1-2-1-2.  Classification of lakes by their water resources 
Water can enter lakes from a variety of sources including groundwater, runoff from the 
watershed, surface waters (like streams and rivers) flowing into the lake, and direct 
precipitation into the lake. Water leaves lakes through groundwater or surface water flow and 
evaporation. Lakes can be classified into five main lake types based on how water enters and 
exits the lake. For some lakes, all or most of their water enters the lake through one source 
(such as groundwater), other lakes may receive water through several sources. The water 
quality of a lake and species of fish present are significantly influenced by the lake type 
(Uttormark and Wall 1975; Leach and Herron 1996). 
z Seepage lakes: These lakes do not have an inlet or an outlet, and only occasionally 
overflow. As landlocked waterbodies, the principal source of water is precipitation or 
runoff, supplemented by groundwater from the immediate drainage area. Since seepage 
lakes commonly reflect groundwater levels and rainfall patterns, water levels may 
fluctuate seasonally. Seepage lakes frequently have a less diverse fishery because they 
are not influenced by streams. Seepage lakes also have a smaller drainage area, which 
may help to account for lower nutrient levels. 
z Spring lakes: These lakes have no inlet, but do have an outlet. The primary source of 
water for spring lakes is groundwater flowing into the bottom of the lake from inside and 
outside the immediate surface drainage area.  
z Groundwater drained lakes: These lakes have no inlet, but like spring lakes, have a 
continuously flowing outlet. Drained lakes are not groundwater-fed. Their primary 
source of water is from precipitation and direct drainage from the surrounding land. 
Frequently, the water levels in drained lakes will fluctuate depending on the supply of 
water. Under severe conditions, the outlets from drained lakes may become intermittent.  
z Drainage lakes: These lakes have both an inlet and outlet where the main water source 
is stream drainage. big rivers always have drainage lakes along their course. Drainage 
lakes support fish populations which are not necessarily identical to the streams 
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connected to them. Drainage lakes usually have higher nutrient levels than many natural 
seepage or spring lakes. 
z Impoundments: Artificial lakes are human-made bodies of water referred to as 
impoundments. A lake is considered an impoundment if one-half or more of its 
maximum depth results from a dam or other type of control structure. An impoundment 
is considered a drainage lake since it has an inlet and outlet with its principal water 
source coming from stream drainage. Impoundments may support fish populations which 
are not necessarily identical to the streams connected to them. Impoundments usually 
have higher nutrient levels than many natural seepage or spring lakes. 
1-2-1-3.  Classification of lakes by their physico-chemical characteristics 
Divided by water depth, lakes can classify as shallow lakes and deep lakes. Shallow lakes 
are defined as lakes where the euphotic zone extends over the bottom. Simply, the euphotic 
zone is defined as the depth at which the light intensity of the photosynthetically active 
spectrum (400-700 nm) equals 1% of the subsurface light intensity. Generally, any lake that 
does not stay stratified throughout the summer season is a shallow lake. Otherwise, it can be 
defined as a deep lake (Wetzel 2001). 
Salinity is the total concentration of the ions present in lake water and is usually computed 
from the sodium, potassium, magnesium, calcium, carbonate, silicate, and halide 
concentrations. The salinity highly varies among lakes, which can also be used as a main 
character to classify lakes (Rai and Hill 1980). Specifically: 
z Freshwater lake: salinity <1.0 g/l; 
z Saltwater lake: salinity 1.0~50.0 g/l; 
z Salt lake: salinity >50.0 g/l. 
Moreover, we can also use several parameters together to classify lakes. For instance, The 
OECD (Organisation for Economic Co-operation and Development) classification system is 
based on the limnological trophic state of lakes i.e. ultraoligotrophic, oligotrophic, 
mesotrophic, eutrophic, and hypertrophic (OECD, 2003). It uses three variables: chl-a, secchi 
depth, and total phosphorous. 
  5
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1-2-2.  Fish diversity in lakes 
Lakes varied considerably in species richness, which varies from 0 species to more than 
200 species (Vanden Bossche and Bernacsek 1990; Jackson and Harvey, 1989; 
Tejerina-Garro et al., 1998; Amarasinghe and Welcomme, 2002). They contributed most to 
biodiversity, supporting considerably more species, more unique species and more scarce 
species than other waterbody types, i.e. rivers, streams and ditches at a regional level 
(Williams et al., 2003). Specially, lakes connected with rivers or other water bodies always 
have higher fish diversity (Xie and Chen, 1999). Except their permanent residents (such as 
lacustrine fish), other groups of fish can also use them to finish their life cycle, such as 
migratory (anadromous + catadromous), river-lake migratory, rheophilic (Xie and Chen, 
1999). 
1-2-3.  Anthropogenic pressures on lakes 
Recent attentions focused on the effort of multiple stressors in freshwater ecosystems (see 
the special issue Freshwater Biology: Volume 55 Issue s1), among which habitat degradation, 
pollution, aquaculture and the introduction of non-native species are thought to be the main 
threats for biodiversity in freshwater ecosystems (Lodge et al., 1998; Sala et al., 2000; 
Dudgeon et al., 2006). 
z Loss of habitat heterogeneity  
A decrease in a lake ecosystem has usually led to the loss of habitat heterogeneity, which 
has depressed the population or even caused the extinction of some species that need several 
types of habitats throughout their life cycle (Xie & Chen, 1999). Habitat degradation involves 
direct effects when habitat is destructed or indirect effects when it causes physico-chemical 
parameters changes (Richter et al., 1997, Dudgeon et al., 2006). Building dam was especially 
a case, which imposes synergistic and antagonistic stress on the ecosystems, and leads the 
biotic and abiotic changes following the loss of connectivity between lakes and rivers. For 
example, it reduced sediment supply and decreased flood flows resulting in channel incision 
and disconnection of surface ground water interactions after building the dams (Tockner et al, 
2010). Thus, the lossing of connections, coupled with physical habitat modification, will 
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reduce the biodiversity by exterminate native species or threaten to push there population 
towards extinction, and facilitating invasions of exotic species in the river floodplains (Power 
et al, 1996). 
z Pollution 
Lakes are suitable domestic and industrial supplies of water, attractive recreational areas 
for swimming, boating and fishing, also desirable homesites for the camper and year-round 
resident (Sawyer, 1954). In other words, lakes are main sewage-receiving water bodies (Aston, 
1973). There are two kinds of pollution in lakes: point source pollution and non-point source 
pollution. Point source pollution is pollution that comes from a single source, such as a 
factory or wastewater treatment plant. Non-point source pollution does not have one specific 
source, which comes from the cumulative effect of a region's residents going about their 
everyday activities, such as agriculture or driving a car (Lishan, Zuqiang et al. 1997; Scheren, 
Zanting et al. 2000; Oreg and Katz-Gerro 2006). No matter what kind of resource it comes 
from, the main threats of pollution are eutrophication and heavy metal, pesticides and other 
hazardous wastes accumulation (Nriagu, Kemp et al. 1979; Renberg, Bindler et al. 2001; 
Wenchuan, Dickman et al. 2001). 
Eutrophication is the response in water due to overenrichment by nutrients, primarily 
phosphorus and nitrogen, and can occur under natural or anthropogenic conditions. The 
resultant increase in fertility in affected lakes causes symptoms such as algal blooms, heavy 
growth of rooted aquatic plants (macrophytes), algal mats, deoxygenation and, in some cases, 
unpleasant odor, which often affects most of the vital uses of the water such as water supply, 
recreation, fisheries, or aesthetics. The accumulation of heavy metals and pesticides will 
affect the physiological process of plant and animal, even threat their survival in lakes (Bays 
1971; Manirakiza, Covaci et al. 2002; Shen, Lu et al. 2005).  
z Aquaculture 
In China, food fisheries have been much more important than recreational fisheries in lakes 
(Liang and Liu, 1995; Xie and Chen 1999; Cui and Li, 2005). In food fisheries, multiply 
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fishing methods are used to target most species simultaneously and ignore the minimum 
fishing size, which has drastic effect on fish populations (Xie and Chen, 1999).  
Moreover, fertilization is also common in some lakes to increase the growth rate of some 
traditional aquaculture species (e.g. Hypophthalmichthys molitrix and Hypophthalmichthys 
nobilis), which can also aggravate eutrophication. 
z Introduction of exotic species 
As an additional stressor to lake ecosystems, non-native species are most likely to 
successfully invade ecosystems altered by humans (Lodge et al., 1998; Xie & Chen, 1999; 
Dudgeon et al., 2006), hence exacerbating (through competition, predation or parasitism) the 
effect of habitat degradation on native fauna. Exotic species can be induced intentionally or 
by accidental transport. Invasion of exotic species is an important causal factor in the threats 
to some native or endemic species, because invaders usually have a fast growth rate, strong 
resistance to extreme environments, a wide food spectrum, and a high reproductive rate. The 
impact of introduced species as predators or competitors of native species has been especially 
striking in many plateau lakes (Xie & Chen, 1999), and in many cases these exotic species 
have eliminated the native species. 
1-3.  Objectives of this thesis 
Our aim in the present study was to analyze factors explaining richness patterns of fish 
assemblages in lakes within the Yangtze River basin, based on environmental variations. 
Three objectives are thus presented here: 1) to describe the fish assemblages present in those 
lakes by examining the abundance and occurrence of the fish species composition, the 
assemblage patterns and the contribution of environmental variables to the assemblages; 2) to 
test hypotheses of possible links between fish community changes and environmental changes; 
3) to construct predict models to prediction fish assemblages and diversity in those lakes.  
Moreover, considering anthropogenic pressures on those lakes, we detected the effects of 
river-lake connections and aquaculture on fish community in those lakes. The aims were 
threefold. Firstly, we sought to assess the changes in the environmental characteristics of the 
lakes that followed the loss of lake-river connections. Secondly, we evaluated the temporal 
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variations in the taxonomic composition of fish communities. Finally, we assessed the 
changes in the functional diversity of the fish communities in the lakes. To do this, we 
exploited a unique spatio-temporal database summarizing biotic and abiotic conditions for 
eight lakes of the Yangtze River basin over a 30-year period. We expected drastic changes in 
the abiotic characteristics of the lakes after the loss of the lake-river connections, notably 
because of the reduction in water exchange and the entry of exogenous nutrients from 
aquaculture. We also expected these changes to be followed by a high turnover in the 
taxonomic diversity of the fish communities, as well as a loss in the overall taxonomic 
diversity. Similarly, we expected a decrease in the functional diversity of the fish 
communities, due in part to the changes in the environmental characteristics and to the 
impossibility for some species to migrate between water bodies. 
2. General Methodology 
2-1.   Studied sites and data collection 
2-1-1.  Lakes along the Yangtze River basin 
The Yangtze River is usually divided into three parts: upstream (from its headwaters to 
Yichang City in Hubei Province), middle-stream (from Yichang City to Hukou City in Jiangxi 
Province), and downstream (from Hukou City to the river mouth). The Central Yangtze 
ecoregion is characterized by vital ecological functions and unique biodiversity. The studied 
lakes in P1 and P2 are located in the central zone of the Yangtze River basin (E: 114°18′ ~ 
116°32′; N: 29°49′ ~ 30°27′) in China (Figure 1). This area belongs to north subtropical 
climate zone, the average annual temperature is 14 ~ 18 ℃, annual precipitation is 1000 ~ 
1400mm. It has a great number of lakes, the total of lake area is more than 2 million square 
kilometers, is well suited for comparative studies in aquatic ecology. In selecting the studied 
lakes, we considered the following factors: different macrophytes coverage, surface area, 
maximum depth, and fishery activities. Six lakes were chosen in our study, which are 
relatively close together and exposed to the same species pool but differ in surface area and 
coverage of macrophytes. With the different coverage of macrophytes, Niushanhu Lake was 
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divided into three parts (NS1, NS2 and NS3) in this study. NS1 is highly covered with 
macrophytes, NS2 has no macrophytes, and NS3 is in a canal and covered by macrophytes. In 
the other five lakes, Liangzihu Lake is highly covered by macrophytes; Luhu Lake (LUH) and 
Wuhu Lake (WUH) are also covered by macrophytes, but they only appear in spring and 
summer; Biandantang Lake (BDT) and Tangxunhu Lake (TXH) are devoid of macrophytes. 
All the lakes are suburban lakes except Tangxunhu Lake.  
 
Figure 2-1. Six sampling lakes and their locations. (A) Yangtze river and the six sampling 
lakes. (B) China, Yangtze River and location of the lakes shown in filled square. 
 
Lakes, as natural biogeographical islands, had been confirmed as ideal objects to study fish 
spatial patterns(Tonn and Magnuson 1982; Jeppesen, Peder Jensen et al. 2000; Amarasinghe 
and Welcomme 2002; Petry, Bayley et al. 2003; Zhao, Fang et al. 2006). 70 lakes were 
chosen for fish pattern study in the Yangtze River basin in P3.The lakes in the Yangtze River 
basin have unique advantages to carry out such kind of studies, for they possess large ranges 
of environmental variables and plenty of fish species. The Yangtze River flows through a 
diverse array of ecosystems: it originates in a glacier from a Tibetan Mountain ‘Geladandong’ 
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, the headwaters of it are situated at an elevation of about 4,900 m; then it runs eastward 
through Qinghai, turning southward down a deep valley at the border of Sichuan and Tibet to 
reach Yunnan (located in the Northern Subtropics), its elevation drops to less than 1000 m; In 
its descent to sea level, the river falls to an altitude of 305 m at Yibin, Sichuan Province, and 
passes through the spectacular Yangtze Gorges; The river then runs through Jiangxi, Anhui 
and Jiangsu provinces, and finally reaches the East China Sea at Shanghai. Its catchment 
covers 1/5 of the land area in China. The Yangtze River basin accounts for 40% of China's 
freshwater resources, more than 70% of fishery production, and 40% of the China’s GDP 
(Wong, 2007). In addition to its social and economic importance, the Yangtze River basin is a 
centre of immense biological wealth, i.e., around 400 fish species and subspecies (Chen et al. 
2002; Fu et al. 2003; Park et al. 2003; Yu et al. 2005; Cao 2008, 2009). These species make 
up around one-third of the total number of freshwater fishes of China. It represents the highest 
diversity in the Palearctic region (Nelson 1994; Matthews 1998). The fish species richness in 
the Yangtze River far exceeds that of any other river systems in China. For example, the 
Yellow River homes only around 141 species and subspecies of fishes, and the Helongjiang 
River around 128 (Ren 1994; Gao et al. 2004). Because of these characteristics, the World 
Wildlife Fund (WWF) had listed the Yangtze River basin in the Global Ecoregion 200 for 
priority conservation.  Moreover, after several tens of year’s studies in those lakes, 
environmental variables and fish composition data can be found in plenty of publications.  
The eight lakes chosen for P3 are located in the central zone of the Yangtze River basin (E: 
114°18′ ~ 116°32′; N: 29°49′ ~ 30°27′) in Hubei, China. This area is located in the North 
Temperate Zone and has a large number of lakes (Hubei alone has over 1300 lakes). All of the 
chosen lakes are relatively close to each other (within 200 km2), and share the same regional 
pool of fish species. They were all connected to the Yangtze River before 1970s but in order 
to control the floods, the connections have been severed by dams, and all the lakes have now 
been used for aquaculture for several decades. 
2-1-2.  Data collection 
z Study of fish composition and diversity in shallow lakes 
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Habitat descriptions and fish sampling were conducted from September 2007 to September 
2009. Within-lake habitat measurements and fish samples were taken from four to twelve 
locations at each lake depending on the total surface of the lake and the coverage of 
macrophytes. Sampling started from a random point and then proceeded at evenly distributed 
intervals along the margins of the water body. We collected the data seasonally from each 
lake, fish samplings was sometimes repeated at year after because the sampling tools were 
usually destroyed by the artificial breeding of crabs (Eriocheir sinensis) in the studying lakes. 
However, only the samplings from intact sampling tools and one dataset for one season in 
each lake were chosen, about 100 datasets were applied in the research. 
Eleven environmental characteristics were considered in this research. Physical parameters 
included water body area (AREA), water temperature (WT), water depth (WD), transparency 
measured by Secchi depth (TRA), and distance to the bank (DIS). Chemical parameters 
included total phosphorus (TP), total nitrogen (TN), chemical oxygen demand (COD), 
dissolved oxygen (DO). In addition, chlorophyll a (CHI), and coverage of macrophytes (CRM) 
per square meter at each sampling station were also taken into account in this study. In 
predicting fish assemblages and diversity in those shallow lakes, we added some biotic 
variables, such as: density of protozoa (Dpro), Density of rotifer (Drot), density of cladocera 
(Dcla) and Density of copepods (Dcop). The details of biotic and abiotic variables were 
shown in the table 2-1. 
One multimesh gill-net and one trap-net were set together at each site in order to capture 
fish. The multimesh gill-net method was followed Appelberg’s (2000). The total length of 
each net was 20 meters, using mesh sizes between 5 and 55 mm knot to knot. The mesh sizes 
followed a geometric series, with a ratio of about 1.25 between mesh-sizes, and were 
assembled in the following order: 43, 19.5, 6.25, 10, 55, 8, 12.5, 24, 15.5, 5, 35 and 30 mm. 
Using randomly selected mesh-sizes, the nets were set in the water at 6:00~7:00 p.m. and 
were hauled back at 6:00~7:00 a.m. the following day. Fish collected were immediately 
identified to the species, counted, weighed to the nearest gram, measured (total length, to the 
nearest mm) and then classified into habitat and trophic guilds. The habitat and trophic guild 
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of each species was based on our previous researches and also referred to FishBase data 
(Froese & Pauly, 2010). The relative abundance of each species at each sampling was 
expressed in terms of catch-per-unit effort (CPUE, mean number of individuals per fishing 
pass). In order to record all the fish species for the analysis of fish species composition, we 
also investigated the fish species from fishery catchments. 
Table 2-1. Nine abiotic and six biotic variables used to predict fish community in shallow 
lakes in the Yangtze River basin. 
  Type Variables Abbr. Range 
Abiotic factors Lake qrea (km2) Area 3.5-285 
  Water temperature ( ℃) WT 15.7-32 
  Water depth (m) WD 0.99-3.4 
  Transparency (cm) TRA 0.25-320 
  pH (mg/l) PH 7.26-9.14 
  Total phosphorus (mg/l） TP 0.14-0.44 
  Total nitrogen (mg/l) TN 0.00-0.26 
  Chemical oxgen demand (mg/l) COD 0.08-4.81 
  Dissoved oxgen (mg/l） DO 6.2-16.1 
Biotic factors Chlorophyll a (ug/l) CHI 0.00-200.8 
  coverage of Macrophytes (%) CRM 0-100 
  Density of  Protozoa (mg L-1) Dpro 0-2342600 
  Density of  Rotifer (mg L-1) Drot 60-8150 
  Density of  Cladocera (mg L-1) Dcla 0-5.95 
  Density of  Copepods (mg L-1) Dcop 0-24.35 
 
z Study of fish pattern in lakes in the Yangtze River basin 
In order to explore fish patterns in the Yangzte river basin, 70 lakes among the Yangtze 
River basin were chosen in this study, with a latitudinal range of 23°25′~ 34°23′N and 
longitudinal range of 88°77′~ 121°34′E (Table 1). Fish compositions were collected from 
publications (most of them were in Chinese). As invasions of non-native species were 
common in some lakes in China (i.e. lakes in Yunnan province), we used the data of primary 
studies in those lakes, and referred to other reports. In order to avoid synonyms, firstly, we 
searched as much as possible published literature to broaden and adjust the data by comparing 
fish composition in each lake; secondly, comprehensive account of Latin name, English name, 
Chinese name and local name of each species; thirdly, we referred to the monographs of fish 
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species in China (Jin, 1995; Wang & Dou, 1998) to check the spatial distribution of each 
species.  
To explore the factors structuring fish patterns, lake location (latitude, longtitude), three 
limnological characteristics (lake area, mean water depth and lake altitude), and three climatic 
variables (mean annual day length, mean annual temperature and annual precipitation) were 
considered in this study. Those data also collected from published literature, we adopted the 
environmental data which measured in the same period of fish composition data. 
z Effect of river-lake connections and aquaculture on fish community in lakes 
The environmental data were collected every ten years from 1980 to 2010, and were 
classified as three periods (<1990, <2000 and <2010) to facilitate analyses. Environmental 
data included: water temperature (WT), water depth (WD), water transparency (TRA) 
measured by Secchi depth, total nitrogen (TN), pH, rigidity (RIG), conductivity (CON) and 
alkalinity (ALK). These data were based on previous studies in those lakes and are 
summarized by Liang & Liu (1995) and Cui & Li (2005).  
2-2.   Data analysis 
2-2-1.  Modeling Methods 
Ecological communities involve study of abiotic environment and biological communities. 
Abiotic environment is a direct reference to the integration of non-biological features such as 
soil, landform, climate and disturbance factors. Biological communities reflect the 
interactions of living organisms (plants animals, fungi, bacteria, etc.), and the relationships 
that exist between the living and non-living components of the "community". In order to 
understand the structure of fish community and their relationships with environment in our 
studied lakes, firstly, a non-supervised modeling technique was used to study fish pattern; 
then, environmental parameters were used to prediction fish pattern and fish diversity by 
predicting models.. 
2-2-1-1.  Patterning model 
Self-organizing map (SOM) was applied for sampling sites classification according to the 
species compositions (in P1) or the species’ CPUEs (in P3). The SOM algorithm, a 
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non-supervised neural networks method, performs the same task as traditional ordination 
techniques, such as Principal Component Analysis (PCA) or Correspondence Analysis (CoA). 
With the virtue of tackling non-linear relationships and heterogeneous data sets, SOM had 
been applied in various ecological studies, for instance to patternize communities (Chon et al., 
1996; Park et al., 2001; Giraudel and Lek, 2003; He et al., 2010), and to assess water quality 
(Walley et al., 2000) and for conservation strategies of endemic species (Park et al., 2003). 
The operating principle of data sets and advantages of SOM can easily be found in many 
ecological papers (Giraudel and Lek, 2003; Brosse et al., 2001).  
2-2-1-2.  Predicting model 
The predictive models were built using a classification and regression tree (CART) and 
random forest (RF) to predict fish community assemblages and diversity. CART analysis 
consists of four basic steps: tree building (a classification or a regression tree), stopping the 
process of tree building, tree “pruning” and optimal tree selection. During tree building, the 
initial node on a tree is called the root. From the root, the model is fitted using binary 
recursive partitioning. This means the data are successively broken into left and right 
branches with the splitting rules defined by the predictor variable values. Splitting continues 
down to the terminal nodes until the response values are all the same within a node or data are 
too sparse for additional splitting. At the terminal node, the predicted response is given that is 
the average or majority of the response values in that node for continuous or discrete variables, 
respectively. 
RF model implements Breiman’s random forest algorithm in which prediction is obtained 
by aggregating classification (when the response variable is qualitative) or regression trees 
(the response variable is quantitative) (Breiman, 2001). Each tree is constructed using a 
different bootstrap sample of the data, and each node is split using the best split among a 
subset of predictors randomly chosen at that node (Liaw and Wiener, 2002). The Gini index 
(Breiman et al., 1984) is used as the splitting criterion. At every split, one of the variables is 
used to form the split and there is a resulting decrease in the Gini index. The sum of all 
decreases in the forest due to a given variable, normalized by the number of trees, forms the 
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Gini measure (Breiman, 2003). In our study, the importance of the variables was also 
estimated by the Gini criterion, which may be more appropriate for a small sample size 
(Archer and Kimes, 2008). The Gini importance measures can be interpreted as a variable’s 
degree of discriminability between the classes (Oh et al., 2003). The largest tree possible is 
grown and is not pruned. The details of random forest are clearly presented by Liaw and 
Wiener (2002). 
2-2-3.  Homogeneity analysis 
Homogeneity of environment and fish communities were analyzed by Non-metric 
Multidimensional Scaling (NMDS). NMDS is an unconstrained ordination method for 
indirect gradient analysis in community ecology (Minchin 1987). The NMDS ordination 
procedure can be used to visualize the similarities among samples (Oksanen et al., 2008). The 
scatter diagrams of NMDS result were summarized by a centroid and a circle for each period, 
with the centroid representing the mean environmental conditions or fish compositions for 
each period and the size of the circle the environment or fish compositions similarity for each 
period (smaller circles meaning a higher between-lakes similarity than larger circles). 
Permutational Multivariate Analysis of variance was used to test for differences between 
centroids (i.e. differences in environmental conditions between periods). Environment 
similarity between lakes of a given period was measured as a non-euclidean distance between 
objects (i.e. lakes) and the group centroid. The equation to calculate the distance to its 
centroid of an object is z[ij]^c = sqrt(Delta^2(u[ij]^+, c[i]^+) - Delta^2(u[ij]^-, c[i]^-)), 
where Delta^2 is the squared Euclidean distance between u[ij], the principal coordinate for 
the jth point in the ith group, and c[i], the coordinate of the centroid for the ith group. The 
super-scripted + and - indicate the real and imaginary parts respectively (Anderson, 2006). 
The differences of the distances were tested by ANOVA among the three periods, and by 
Permutation Tests between period pairs.   
2-2-4.  Functional diversity 
Measuring the functional diversity of communities requires, as a first step, the functional 
characterization of the species pool using a set of relevant functional traits (Villéger et al., 
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2007). For each species of the global database, values for seven traits were recorded from 
FishBase (Froese & Pauly, 2010, http://fishbase.org). This set of traits aims to assess the 
functional niche of each species and account for the following: migration status (migratory or 
sedentary species), maximum body length, maximum age, body length at maturity, age at 
maturity, trophic guild (carnivorous, herbivorous and invertivorous) and habitat preference 
(pelagic, benthopelagic and demersal). 
As this set of traits gathered both qualitative and quantitative parameters, a 
multidimensional functional space was built in two steps following Villéger et al. (2008). 
First, functional pairwise distances between species were computed using the Gower’s 
distance, which allows different types of variables to be mixed while giving them equal 
weights. Then, using this functional distance matrix we carried out a Principal Coordinates 
Analysis (PCoA). PCoA provided coordinates for each species in a multidimensional space, 
the axes of which may be considered as independent synthetic functional traits. In fact, 
following a trade-off between information quality and interpretability, we only retain the 
fourth first axes, which globally summarize 89% of the initial variance. Species distribution in 
this four-dimensional functional space is illustrated in Fig. 5. Specialization of a focal species 
can be defined as its Euclidean distance to the center of gravity of all the species in the 
four-dimensional functional space (Devictor et al., 2009 and Bellwood et al., 2006). 
Functional diversity gathers three independent facets, of which functional richness (i.e. 
range of functional traits present) is the only one that does not require species abundances 
(Villéger et al., 2010). When considering a multidimensional framework, functional richness 
is measured as a multidimensional range using the convex hull volume (Cornwell et al., 2006). 
The convex hull is defined by the following condition: if two points belong to the convex hull, 
any point on the segment between these points also belongs to it. The convex hull thus 
depends on the most extreme points, called vertices. 
Functional richness was computed for all communities (each lake and each period), based 
on the PCoA coordinates of the species present. These raw values where then standardized to 
a percentage by dividing by the convex hull volume filled by the whole set of species. 
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2-2-5.  Define key species 
Key species in each assemblage were detected by two methods: the IndVal and the 
codebook of SOM. IndVal was used to find out the indicators in each assemblage, and the 
codebook showed the contributions of each species in each assemblage in SOM.  
2-2-5-1.  Indicator species 
Indicators species, which were defined as the most characteristic species of each 
assemblage, were identified using IndVal method in ‘labdsv’ package in R software (Roberts, 
2010). They were found mostly in a single group of the typology and present in the majority 
of the sites belonging to that group, for summarizing the assemblage patterns (Dufrêne and 
Legendre, 1997). The indicator value ‘d’ of species as the product of the relative frequency 
and relative average abundance in clusters was caculated by the following formula: 
f_{i,c} = {\sum_{j \in c} p_{i,j} \over n_c} 
a_{i,c} = {(\sum_{j \in c} x_{i,j}) / n_c \over \sum_{k=1}^K ((\sum_{j \in k} x_{i,j}) / n_k)} 
d_{i,c} = f_{i,c} \times a_{i,c} 
where: 
p_{i,j} = presence/absence (1/0) of species i in sample j;  
x_{i,j} = abundance of species i in sample j;  
n_c = number of samples in cluster c; 
for cluster c in set K.  
Indicator value analysis was proposed by Dufrene and Legendre (1997) as a possible 
stopping rule for clustering, but has been used by ecologists for a variety of analyses (Roberts, 
2010). A fish species was considered to be representative of a cluster in which it had the 
highest indicator value. But only the species whose indicator value was significantly different 
(P<0.05) from the values in other clusters was classified to be the indicator in this cluster.  
2-2-5-2. The contribution of each species in SOM 
During the learning process of the SOM, units that topographically close in the array will 
activate each other to learn something from the same input vector. The weight vectors tend to 
approximate the probability density function of the input vector. Therefore, the visualization 
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of these vectors is convenient to understand the contribution of each input variable to the 
clusters on the trained SOM (Kohonen, 2001, Park et al. 2003). To analyze the contribution of 
species to cluster structures of the trained SOM, the value of each species in each cluster 
calculated during the training process was visualized by boxplot. 
3. Main results 
3-1. Variations of fish composition and diversity related to environmental variables in shallow 
lakes in the Yangtze River basin 
Physico-chemical parameters of the six studied lakes were analysed by PCA (Fig. 3-1) to 
identify the differences / similarities between the lakes. The first two principal components 
described 42 % and 17 % of the total hydrological variation, respectively. The six lakes were 
mostly differentiated by the first PCA axis. Hydrological variables had high loadings on the 
first component, such as: chlorophyll a (0.923), total phosphorus (0.886), total nitrogen (0.886) 
and transparency (-0.806). Thus, the first component represents a contrast between the lakes 
presenting eutrophication and those with macrophyte vegetation.  
 
Figure 3-1. Results on principal component analysis (PCA) on environmental variables 
measured for each lake. The first two principal components described 42.29 and 17.05% of 
  19
Fish community and environment in lakes in the Yangtze River basin 
  20
the total hydrological variation, respectively. a) Each lake is presented as an ellipsoid. For 
lake identifications refer to Material and Methods. b) Barplot showing eigenvalues in the PCA. 
c) Vector plot showing the correlation of environmental variables in F1 - F2 plane. 
The comparison between the six lakes is shown in Fig. 3-1a. Tangxunhu Lake (TXH) was 
very different from other lakes, as this is an urban lake with high total phosphorus, total 
nitrogen, chlorophyll a and chemical oxygen demand. The other five lakes are suburban lakes. 
Among these, Liangzihu Lake (LZH) and Niushanhu Lake (NSH) were found to be close to 
each other and far from Tangxunhu Lake. The macrophyte coverage of these two lakes was 
relatively higher than for the other lakes, and they had lower TP, TN, COD, chlorophyll a and 
higher transparency (Table 3-1). The remaining three lakes were located in the intermediate 
position between Tangxunhu Lake and Liangzihu Lake + Niushanhu Lake (Fig. 3-1a). Their 
similarities were the absence of macrophytes, in Biandantang Lake (BDT), or temporary 
macrophyte coverage in spring and summer (as at the end of summer, most of the 
macrophytes had senesced and died), in Luhu Lake (LUH) and Wuhu Lake (WUH).  
All together, 75 species of fishes were found across the six lakes. A maximum number of 
64 species was found in Liangzihu Lake, while a minimum of only 37 species was found in 
Biandantang Lake. The fish identified belonged to 16 families, of which cyprinids had the 
greatest species richness; 43 species from this family being found. The largest number of 
species from this family was found in Liangzihu Lake. The members of other families had 
relatively low species richness, ranging from 1 to 5 species per family. In total, 17 791 
individual fish were caught during the sampling period. Six species represented less than 0.5 
% of the total catches. The six most abundant species were Toxabramis swinhonis, 
Hemiculter leucisculus, Rhodeus ocellatus, Pseudorasbora parva, Rhinogobius giurinus and 
Squalidus nitens, which accounted for 74 % of fish collected. Eight species were found to 
have more than 25 % occurrence frequency: H. leucisculus, T. swinhonis, P. parva, R. 
giurinus, S. nitens, Carassius carassius, Culterichthys erythropterus, and R. ocellatus. H. 
leucisculus was the most frequent of all fish species found (Table 3-2). 
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Table 3-1. The locations and main characteristics of the studying lakes. TP: total phosphorus; TN: total nitrogen; COD: chemical oxygen demand; DO: 
dissolved oxygen; Chla: chlorophyll a. 
 Biandantang Luhu Liangzihu Niushanhu Tangxunhu Wuhu 
Code of lake BDT LUH LZH NSH TXH WUH 
Latitude (°) 30.31 30.22 30.24 30.32 30.43 30.78 
Longitude (°) 114.77 114.19 114.53 114.54 114.35 114.51 
Area (km2) 3.5 25 285 38 10 32 
Temperature(℃) 20.95±1.56 23.56±4.01 23.49±3.99 21.90±3.34 23.89±5.22 21.93±5.77 
Water depth (m) 1.77±0.35 2.81±0.49 2.85±0.42 1.96±0.32 2.31±0.20 1.79±0.41 
Transparency (cm) 56±3.23 141.89±66.45 151.86±127.64 70.69±20.21 43.25±28.91 50.29±22.85
TP（mg/l） 0.06±0.01 0.02±0.01 0.02±0.02 0.06±0.03 0.13±0.06 0.08±0.04 
TN (mg/l) 1.79±1.06 0.64±0.37 0.48±0.30 0.79±0.51 2.46±0.83 1.12±0.39 
COD (mg/l) 1.83±1.47 1.61±0.85 1.33±0.81 2.16±1.32 2.96±0.75 2.28±1.24 
DO（mg/l） 7.38±0.91 8.87±0.69 8.73±0.47 8.41±0.99 10.18±2.4 9.25±1.76 
Chla (ug/l) 7.49±2.35 7.24±5.00 2.97±3.13 13.03±5.18 52.75±44.73 20.27±16.03
Coverage of macrophytes 0% 30% 80% 60% 0% 30% 
 
Table 3-2. Total number (N), relative abundance (RA), relative occurrence (RO), fish total length range (TL) and species composition of fish sampled in each 
lake from September 2007 to September 2009. X indicates the presence of fish in each lake. BDT: Biandantang Lake; LUH: Luhu Lake; LZH: Liangzihu 
Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhu Lake. 
Species Family Abbr. N RA OF TL BDT LUH LZH NSH TXH WUH 
Misgurnus anguillicaudatus Cobitidae Mang 16 0.09 2.45 78-147   X X X X 
Abbottina rivularis Cyprinidae Ariv 308 1.71 20.98 40-110   X X X X 
Acheilognathus chankaensis Cyprinidae Ntai 216 1.2 13.64 55-98   X X X  
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Acheilognathus macropterus Cyprinidae Amac 56 0.31 6.29 32-104   X X X X 
Aristichthys nobilis Cyprinidae Anob 26 0.14 3.15 150-478    X X X 
Carassius carassius Cyprinidae Caur 379 2.1 30.07 32-294 X X X X X X 
Cirrhinus molitorella Cyprinidae Cmol 170 0.94 2.8 171-264      X 
Culter alburnus Cyprinidae Calb 11 0.06 2.8 121-406 X X  X X X 
Culter dabry Cyprinidae Cdab 85 0.47 12.59 50-298 X X  X X X 
Culter mongolicus Cyprinidae Cmon 81 0.45 20.98 134-380 X X X X  X 
Culterichthys erythropterus Cyprinidae Cery 696 3.87 27.62 28-285   X X X X 
Cyprinus carpio Cyprinidae Ccar 20 0.11 6.29 93-390    X X X 
Distoechodon hupeinensis Cyprinidae Dhup 423 2.35 12.94 19-220   X X X X 
Elopichthys bambusa Cyprinidae Ebam 1 0.01 0.35 148      X 
Hemiculter leucisculus Cyprinidae Hleu 2703 15.01 49.3 26-246 X X X X X X 
Hemibarbus maculatus Cyprinidae Hmac 7 0.04 1.75 159-280     X  
Hemiculter bleekeri Cyprinidae Hble 40 0.22 4.9 94-216   X X X X 
Hypophthalmichthys molitrix Cyprinidae Hmol 4 0.02 1.4 111-493 X X  X  X 
Macropodus chinensis Belontiidae Mchi 2 0.01 0.35 30-60    X   
Megalobrama amblycephala Cyprinidae Mamb 1 0.01 0.35 148      X 
Panacheilognathus imberbis Cyprinidae Pimb 460 2.55 17.83 16-85 X X X X  X 
Paracanthobrama guichenoti Cyprinidae Pgui 13 0.07 2.8 104-254     X X 
Pseudobrama simoni Cyprinidae Psim 65 0.36 1.4 69-177      X 
Pseudorasbora parva Cyprinidae Ppar 1802 10.01 40.91 27-130 X X X X X X 
Rhodeus fangi Cyprinidae Rfan 148 0.82 7.69 27-49   X X   
Rhodeus ocellatus Cyprinidae Roce 1994 11.07 25.17 13-90 X X X X X X 
Sarcocheilichthys nigripinnis Cyprinidae Snig 163 0.91 16.08 28-115   X X X X 
Squalidus argentatus Cyprinidae Sarg 261 1.45 17.48 40-140   X X X X 
Squalidus nitens Cyprinidae Snit 1032 5.73 31.47 35-105 X X X X X X 
Xenocypris davidi Cyprinidae Xdav 17 0.09 3.5 147-320 X X   X X 
Hypseleotris swinhonis Eleotridae Hswi 530 2.94 16.78 22-79   X X  X 
Odontobutis obscurus Eleotridae Oobs 15 0.08 4.55 75-157 X X X X  X 
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Rhinogobius giurinus Gobiidae Rgiu 1112 6.18 37.76 16-102 X X X X X X 
Hyporhamphus intermedius Hemiramphidae Hint 186 1.03 10.49 41-179 X X X X X X 
Mastacembelus sinensis Mastacembelidae Msin 22 0.12 4.55 125-245     X  
Neosalanx taihuensis Salangidae Acha 216 1.2 4.2 44-122    X X  
Siniperca chuatsi Serranidae Schu 5 0.03 1.75 163-390 X X  X X  
Pelteobagrus fulvidraco Siluridae Pful 27 0.15 5.94 48-221   X X  X 
TOTAL   17791 100 100  16 16 23 30 27 32 
 
Table 3-3. Fish assemblage composition in each lake, grouped by habitat and trophic guilds. N is the number of species. BDT: Biandantang Lake; LUH: Luhu 
Lake; LZH: Liangzihu Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhu Lake. 
Lake  Habitat Guild  Trophic Guild 
 Total Pelagic Pelagic-neritic Benthopelagic Demersal  Carnivorous Herbivorous Benthivorous 
 N N % N % N % N %  N % N % N % 
BDT 42 2 3 10 26 20 46 10 26  7 10 19 26 16 22 
LZH 63 3 5 14 19 28 39 18 25  15 21 25 35 23 32 
LUH 40 3 8 10 25 16 40 11 28  9 23 14 35 17 43 
NSH 57 3 5 10 18 31 54 13 23  11 15 28 39 18 25 
TXH 40 1 3 10 25 19 48 10 25  10 14 15 21 15 21 
WUH 40 3 7 9 22 18 44 10 27  9 13 16 22 15 21 
TOTA 75 5 7 14 19 36 48 20 27  16 21 33 44 26 35 
 
Fish community and environment in lakes in the Yangtze River basin 
Divided by habitat, benthopelagic fish was the most common type in all the lakes. It is 
worth mentioning that 31 species of benthopelagic fish were found in Niushanhu Lake, which 
represents 54 % of the total number of species in this lake (Table 3-3). Only five species of 
pelagic fish were found in the lakes. The number of demersal fish species varied from 8 to 18 
in the studied lakes. A larger number of demersal fish species were found in macrophyte lakes, 
such as Liangzihu Lake, Niushanhu Lake and Luhu Lake.  
Based on their trophic level, we divided all captured fish into three groups: carnivorous, 
herbivorous and benthivorous. A total of 16 carnivorous fish species were identified, 15 of 
which were found in Liangzihu Lake, the highest number of carnivorous fish species among 
all the lakes (Table 3-3). Pseudobagrus nitidus only appeared in Liangzihu Lake, while 
Leiocassis longirostris, as an aquaculture species, was only found in Niushanhu Lake. 
Herbivorous fish were the most frequent in all the lakes. A total of 33 herbivorous fish species 
were identified. Niushanhu Lake had the largest number of herbivorous fish species - up to 28 
species - while only 15 were found in Wuhu Lake and Tangxunhu Lake. In total, 26 species 
of herbivorous fish species were found, the largest number of which were found in Liangzihu 
Lake (23 herbivorous species).  
Fish species richness, diversity and evenness comparisons were found significantly 
different among the six lakes (Fig. 3-2). Biandantang Lake had the lowest value both in 
species richness and diversity (Fig. 3-2a,b). When examined with multiple comparison tests, 
species richness was found significantly lower in Biandantang Lake than in Luhu Lake and 
Liangzihu Lake; the difference of species richness was also significant between Liangzihu 
Lake and Niushanhu Lake (Fig. 3-2a). Fish diversity was higher in Liangzihu and Luhu lakes 
than in the other lakes. Biandantang Lake and Tangxunhu Lake had the lowest value of 
diversity, which was significantly different from Luhu Lake and Liangzihu Lake (Fig. 3-2b). 
Niushanhu Lake had the highest value of evenness, which was significantly higher than in 
Tangxunhu Lake (Fig. 3-2c). 
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Figure 3-2. Comparisons of fish community diversity in the six lakes. (A). Species richness 
comparisons among the six lakes; (B). Simpson's Inverse Index comparisons among the six 
lakes; (C). Equitabity of Simpson index comparisons among the six lakes.  BDT: 
Biandantang Lake; LUH: Luhu Lake; LZH: Liangzihu Lake; NSH: Niushanhu Lake; TXH: 
Tangxunhu Lake; WUH: Wuhu Lake. 
The most important variables (Table 3-4, Fig. 3-3) describing the species composition 
among the study sites were chlorophyll a, TP, and TN for axis 1 (Y-axis); and transparency, 
water depth and area for axis 2 (X-axis). In ecological terms, axis 1 showed gradients in 
species composition related to water chemistry variables. Species composition varied along a 
gradient from small, eutrophic lakes (high TN and TP) to larger lakes with low TN, TP and 
chlorophyll a; axis 2 described mainly the relationships of spatial and temporal variation with 
the assemblage composition. The first two CCA axes had eigenvalues of 0.19 and 0.13, 
explaining 28 % and 19 % of variation in the relationship between species composition and 
environmental factors, respectively. The overall Monte Carlo randomization test showed a 
significant result for the sum of all eigenvalues (999 permutations, p < 0.01).  
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Table 3-4. Summary of the canonical correspondence analysis on environmental parameters 
measured for all lakes. Monte Carlo test run for the sum of all eigenvalues was significant 
(999 permutations, P<0.01).  
 Axis 1 Axis 2 r2 Pr(>r)  
AREA -0.6242 -0.4634 0.1955 0.001 *** 
WT 0.3406 -0.2841 0.1147 0.002 ** 
WD 0.4284 0.5023 0.1829 0.001 *** 
TRA -0.7 0.587 0.5119 0.001 *** 
DIS -0.1861 0.2079 0.1011 0.007 ** 
TP 0.7942 -0.0796 0.5048 0.001 *** 
TN 0.7615 -0.2377 0.5195 0.001 *** 
COD 0.4741 0.2981 0.2731 0.001 *** 
DO 0.2611 -0.3087 0.1894 0.001 *** 
CHI 0.8678 -0.2611 0.4709 0.001 *** 
CRM -0.5174 0.1753 0.1802 0.001 *** 
Signif. codes: p<0.001 ***; p<0.01 **; p<0.05 * 
Based on the CCA scores, three clusters of fish were identified (Fig. 3-3 d). Cluster Ⅰ
(upper part of Fig. 3-3c) was positively related to TN, TP, chlorophyll a and COD, dominated 
by Neosalanx taihuensis, Hemibarbus maculatus, Cyprinus carpio, Culter dabry and 
Xenocypris davidi; Cluster Ⅱ (left part of Fig. 3-3c) was mostly related to limnological 
characteristics parameters (e.g. lake surface area and water depth) dominated by Squalidus 
nitens, Squalidus argentatus, Abbottina rivularis and Acheilognathus chankaensis; Cluster Ⅲ 
(low-right part of Fig. 3-3d) was positively related to transparency, macrophyte coverage, 
negatively related to TN, TP, chlorophyll a and COD, and dominated by Rhodeus fangi, 
Hypseleotris swinhonis and Rhinogobius giurinus. Cluster Ⅲ can be subdivided into two 
groups (groups a & b). Cluster Ⅲa was made up of the most frequent species in the lakes, 
and concentrated in the middle-left part of Figure 3-3c; Cluster Ⅲb was positively related to 
macrophyte coverage and transparency. 
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Figure 3-3. Results of CCA analysis processed on the fish-environmental data matrices. (A) 
Canonical weights of each environmental variable. (B) Barplot showing eigenvalues in the 
CCA. The first two CCA axes explaining 28% and 19% of variance, respectively. (C) 
Canonical weights of each species (black dots are the sampling stations). (D) Clusters of fish 
based on CCA scores. For fish species and environmental variable identifications refer to 
Table 3-4 and Material and Methods. 
Fish community was classified as three assemblages by SOM (Figure 3-4a), spatial and 
temporal distributions were shown in it. For spatial distributions, fish community in vegetated 
habitat was classified in assemblage G1 and G3; fish community in unvegetated habitat was 
assembled in G2. Fish community seasonal changes were only revealed in vegetated habitats: 
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G1 mainly represented fish communities in winter and spring, while G3 mainly represented 
fish communities in summer and autumn. Assemblage G1 had significantly higher biomass, 
diversity and species richness than the G2 and G3 (Fig. 3-5, Kruskall-Wallis test, p<0.01). 
The pairwise comparison did not show a significant difference between G2 and G3 for any of 
the 3 parameters (Mann-Whitney test, p>0.05). 
 
Figure 3-4. Patterns of Fish assemblages in studied lakes using the SOM model. (A) 
Distribution of the sampled sites on the trained SOM according to their similarity. Each code 
represents each site indicated in Material and Methods. (B) Clusters of sites according to the 
results of the hierarchical clustering of the SOM cells using Ward method. Indicator species 
in each cluster were determined using IndVal method. Indicative values (%) of each species at 
each cluster are given in table 3-7. For fish species identifications refer to table 3-7.  
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Figure 3-5. Distribution of diversity of fish community among different clusters，box-plot of 
species richness (transformed in log (SR)), fish catch per unit effort (transformed in log 
(CPUE)) and Shannon index.  
 
In order to find the important species in each assemblage, IndVal method and the SOM 
codebook were used. A total of 16 indicator species were identified by comparing the 
indicative values of each species in each assemblage (Table 3-5), while 13 species were 
distributed in G1, 1 species in G2 and 2 species in G3 (Figure 3-4B). The contribution of each 
species in each assemblage in SOM was shown in the box-plot (Figure 3-6). Most of the fish 
species had low contribution values, and the high-contribution species varied among the three 
assemblages, although three species (Hemiculter leucisculus B., Rhinogobius giurinus R. and 
Squalidus nitens G.) were found to have high contribution values in all them. Most indicative 
species had a relative higher contribution in their presented assemblages than in others in 
SOM codebook (Figure 3-6). Considering fish habitat preference, most of indicator species 
found in G1 were pelagic or benthopelagic, and all of them had higher contribution values in 
this assemblage in SOM codebook (e.g. Hemiculter leucisculus B. and Pseudorasbora parva 
T.). There were many similar species of high contribution values in SOM codebook in G2 and 
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G3 compared to G1 (e.g. Rhinogobius giurinus R., Rhodeus fangi M. and Odontobutis 
obscurus T. & G.), and all of them were demersal fish. Rhinogobius giurinus R. and 
Odontobutis obscurus T. & G. were defined as indicators in G3, but Rhodeus fangi M. failed 
to become an indicator in any assemblage. The only indicator species in G2 was Culter dabry 
B., which was found to have a higher proportion in a high-polluted urban lake than in a 
macrophytes suburban lake (Ye, 2007).  
 
Figure 3-6. Box-plots showing the contributions of each fish species to the cluster structures 
in SOM (G1 to G3). The filled boxes show the indicative species in each fish assemblage 
from IndVal method. For fish species identifications refer to table 1. 
 
Table 3-5. Indicative values of each species in three groups (grouped  by SOM), P value 
presents the probability of obtaining as high an indicator values as observed over the specified 
iterations (* p< 0.05). 
Fish species Code G1 G2 G3 P value
Acheilognathus chankaensis Dybowsky Acha 0.4268 0.0161 0.0007 0.001 *
Abbottina rivularis (Basilewsky) Ariv 0.6702 0.0120 0.0113 0.001 *
Carassius auratus (Linnaeus) Caur 0.5431 0.0830 0.0391 0.001 *
Distoechodon hupeinensis Dhup 0.4786 0.0485 0.0000 0.001 *
Panacheilognathus imberbis (GÜnther) Pimb 0.7133 0.0011 0.0092 0.001 *
Pseudorasbora parva (Temmnick et Schlegel) Ppar 0.7088 0.0150 0.0242 0.001 *
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Rhodeus ocellatus (Kner) Roce 0.6864 0.0062 0.0076 0.001 *
Squalidus nitens (Günther) Snit 0.6162 0.0242 0.1180 0.001 *
Hemiculter leucisculus (Basilewsky) Hleu 0.5380 0.3507 0.0501 0.002 *
Squalidus argentatus (Sauvage et Dabry) Sarg 0.3691 0.0167 0.0832 0.002 *
Sarcocheilichthys nigripinnis (Günther) Snig 0.3158 0.0413 0.0367 0.002 *
Hyporhamphus intermedius Cantor Hint 0.2627 0.0590 0.0081 0.004 *
Culterichthys erythropterus Basilewsky Cery 0.5183 0.0320 0.0039 0.011 *
Toxabramis swinhonis Günther Tswi 0.4404 0.3386 0.0386 0.065  
Xenocypris davidi Bleeker Xdav 0.0398 0.0260 0.0000 0.54  
Paracanthobrama guichenoti Bleeker Pgui 0.0199 0.0130 0.0000 0.697  
Acheilognathus macropterus (Bleeker) Amac 0.0275 0.0235 0.0042 0.85  
Culter dabry Bleeker  Cdab 0.0077 0.3019 0.0025 0.001 *
Hemibarbus maculatus Bleeker Hmac 0.0000 0.0893 0.0000 0.061  
Cirrhinus molitorella ( Cuvier et Valenciennes ) Cmol 0.0000 0.0893 0.0000 0.094  
Culter alburnus Basilewsky Calb 0.0190 0.0621 0.0000 0.237  
Siniperca chuatsi (Basilewsky) Schu 0.0000 0.0536 0.0000 0.237  
Pelteobagrus fulvidraco (Richardson) Pful 0.0515 0.0945 0.0000 0.243  
Cyprinus carpio Linnaeus Ccar 0.0286 0.0831 0.0039 0.275  
Pseudobrama simoni (Bleeker) Psim 0.0000 0.0357 0.0000 0.372  
Hemiculter bleekeri Warpachowsky Hble 0.0483 0.0657 0.0000 0.445  
Neosalanx taihuensis Chen Ntai 0.0031 0.0727 0.0299 0.474  
Aristichthy nobilis (Richardson) Anob 0.0356 0.0554 0.0000 0.5  
Culter mongolicus (Basilewsky) Cmon 0.0335 0.0716 0.0066 0.706  
Hypophthalmichthys molitrix Hmol 0.0115 0.0338 0.0000 0.725  
Megalobrama amblycephala Yih Mamb 0.0000 0.0179 0.0000 1  
Rhinogobius giurinus (Rutter) Rgiu 0.3106 0.0435 0.5229 0.001 *
Odontobutis obscurus Temminck et Schlegel Oobs 0.0249 0.0009 0.1179 0.041 *
Hypseleotris swinhonis (Günther) Hswi 0.2099 0.0114 0.2798 0.06  
Mastacembelus sinensis Bleeker Msin 0.0327 0.0040 0.0995 0.128  
Rhodeus fangi (Miao) Rfan 0.0231 0.0337 0.1505 0.134  
Elopichthys bambusa (Richardson) Ebam 0.0000 0.0000 0.0345 0.25  
Misgurnus anguillicaudatus (Cantor) Mang 0.0262 0.0021 0.0319 0.724  
 
By using 15 environmental variables, the predicted assignment of each site unit to the 
correct assemblage had an average success of 74.4% and 60.7% from RF and CART models, 
respectively. Table 3-6 shows details of the prediction success of each assemblage by both 
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models. RF performed well in prediction for all the three clusters (75%, 80.4% and 62.1%, 
respectively); while CART had a low value in predicting cluster G3 (34.5%), compared to the 
prediction success of the other two clusters (75% and 66.1%). 
Table 3-6. Confusing matrix showing the leave-one-out cross validation of the RF model and 
CART model by using 15 biotic and abiotic factors (the values in parentheses are from CART 
model). The overall percentage of successful prediction is 74.4% and 60.7%, respectively. 
 
In the RF model, water depth was the dominant variable for discriminating three fish 
assemblages, distance to the bank and total phosphorus were of secondary importance (Figure 
3-7A). In the CART model, water depth, lake area, coverage of macrophytes, transparency 
and total phosphorus were the dominant variables (Figure 3-8A). 
In order to reflect an exhaustive view of the relationships between the environment and the 
fish community in studied lakes, total fish CPUE, diversity and species richness as three 
response variables were also predicted by the same set of environmental data using RF and 
CART.  58.6% ~ 67% of the total variance can be explained by the RF, while 56.5% ~ 
63.9% of the total variance can be explained by the CART.  
Considering all the 15 environmental parameters, 67% and 63.9% of the total variance in 
fish CPUE could be explained by the RF and CART models, respectively. Water area was the 
dominant variable in determining fish CPUE both in the RF and CART models (Figures 3-7B 
and 3-8B), and total phosphorus also showed importance in the two models. The other 
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secondary importance variables included water depth and Chlorophyll a in the RF model 
(Figure 3-7B) and the distance to the bank and density of copepods in the CART model 
(Figure 3-8B).  
58.6% and 59.3% of the variance of fish diversity could be explained by the RF and CART 
models, respectively. Density of rotifer, water temperature and water depth were the 
important variables in determining fish diversity in the two models (Figures 3-7C and 3-8C). 
While the most important variables are density of rotifer and water temperature in the RF and 
CART model, respectively.  
In prediction of species richness, 61.89% and 56.5% of the variance could be explained by 
the RF and CART models, respectively. Water depth and water temperature were found to be 
the most important factors. They are the most important predictors in both of the two 
prediction models (Figures 3-7D and 3-8D). The other important factors related to species 
richness are distance to the bank in the RF model (Figure 3-7D) and Chlorophyll a in the 
CART model (Figure 3-8D). 
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Figure 3-7. Contribution of biotic and abiotic variables to predict fish community pattern and 
richness in studying lakes using the RF model. For biotic and abiotic variable identifications 
refer to Material and Methods. (A) Predicting fish assemblages. (B) Predicting relative 
abundance. (C) Predicting Shannon index. (D) Predicting species richness. The overall 
percentage of successful prediction is 74.4%, 67.0%, 58.6% and 61.89%, respectively. 
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Figure 3-8. CART model predicting fish community pattern and richness in studied lakes. 
Biotic and abiotic variable identifications refer to Material and Methods. (A) Predicting fish 
assemblages. (B) Predicting relative abundance. (C) Predicting Shannon index. (D) Predicting 
species richness. The overall percentage of successful prediction is 60.7%, 63.9%, 59.3% and 
56.5%, respectively. 
3-2. Factors effecting fish structure in lakes among the Yangtze River basin 
Environmental descriptors were summarized in Table 3-7. Most of the environmental 
parameters had a large range of values in studied lakes. For example, the altitude varied from 
nearly the sea level (2.5m) to 4847m. Fish species richness varied from 1 to 117, fish 
compositions appeared different patterns in different ecoregions, few and endemic species 
appeared in the lakes located in the upper-reach of the Yangtze River basin. While, high 
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Figure 3-9. Relationships between species richness and environmental parameters and the 
relationships between each two environmental parameters 
 
The relationships between species richness and environmental parameters and the 
relationships between each two environmental parameters were shown in the figure 3-9. Most 
of the relationships appeared non-linear, for example, species richness increasing with 
increasing of latitude and mean annual day length at the beginning but decreasing after. While, 
generally speaking, species richness increasing with increasing of longitude, lake area, mean 
annual temperature, annual precipitation and decreasing of attitude. 
values of species richness appeared in those lakes located in the middle and lower reach of the 
Yangtze River basin. 
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Table 3-7 Summary of fish richness, limnological characteristics, and climatic variables used in the study (n = 70). 
  Code Max Min Mean SD 
Species       
 Number of species SR 117.00 1.00 38.86 32.25 
Location       
 Mean Latitude (°) Lat 34.23 23.25 29.39 2.67 
 Mean Longtitude  (°) Long 121.34 88.77 109.48 8.78 
Limnological characteristics      
 Lake altitude (m) ATIT 4847.00 2.50 1091.44 1428.40 
 Lake area (km2) AREA 3150.00 0.04 278.35 634.36 
 Mean depth (m) WD 90.00 0.65 10.21 16.19 
 Water temperature (°C) WT 22.70 6.38 16.45 2.93 
 Total nitrogen (mg/l) TN 5.05 0.01 1.25 1.04 
 Total phosphorus (mg/l) TP 0.50 0.00 0.09 0.11 
 Mineralization degree (g/l) MINE 117000.00 47.63 4169.95 19876.29 
Climatic variables       
 Mean annual day length (h) DL 3003.00 1211.20 2015.67 278.21 
 Mean annual temperature (°C) AT 18.70 -6.00 13.80 5.05 
 Annual precipitation (mm) PREC 2051.80 175.00 1042.84 365.14 
Fish community and environment in lakes in the Yangtze River basin 
Lakes were classified into three clusters according to their fish species compositions by 
SOM (Figure 3-10). The environmental parameters were demonstrated significant differences. 
For instance, significantly different were detected in longitude, lake altitude, mean depth, 
mean annual day length and annual precipitation between cluster 1 and cluster 2 & 3, lake 
area was found significant difference between cluster 3 and cluster1 & 2. However, no 
significant difference in latitude, total nitrogen, total phosphorus and mean annual 
temperature were found among the three clusters (Figure 3-11 & 3-12, Table 3-8).   
Table 3-8. Multiple comparison tests of species richness and environmental variables among 
the three clusters 
  Cluster 
1 VS 2 
Cluster 
1 VS 3 
Cluster 
2 VS 3 
 Number of species TURE TURE TURE 
Location     
 Mean Latitude (°) FALSE FALSE FALSE 
 Mean Longtitude  (°) TURE TURE FALSE 
Limnological characteristics    
 Lake altitude (m) TURE TURE FALSE 
 Lake area (km2) FALSE TURE TURE 
 Mean depth (m) TURE TURE FALSE 
 Water temperature (°C) TURE FALSE FALSE 
 Total nitrogen (mg/l) FALSE FALSE FALSE 
 Total phosphorus (mg/l) FALSE FALSE FALSE 
 Mineralization degree (g/l) FALSE TURE FALSE 
Climatic variables     
 Mean annual day length (h) FALSE FALSE FALSE 
 Mean annual temperature (°C) TURE TURE FALSE 
 Annual precipitation (mm) TURE TURE FALSE 
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Figure 3-10. Patterns of Fish assemblages in studied lakes using the SOM model. (A) 
Distribution of the lakes on the trained SOM according to their similarity. (B) Clusters of 
lakes according to the results of the hierarchical clustering of the SOM cells using Ward 
method. 
Species richness was significantly different among the three clusters and between each two 
of them, and the highest value was found in cluster 3 (Figure 3-11). While the highest value 
of beta diversity was detected in cluster 1 (Figure3-13) with the lowest value of species 
richness. 
The most influential factors separating the clusters were identified by LDA. Two 
discriminant functions were generated, and the random Monte Carlo permutation test showed 
that they were highly significant (p<0.001). These functions (F1 and F2) accounted for 75% 
and 25% of the between clusters variability, respectively. It was mainly determined by ATIT 
(cosine=0.94), LONG (cosine=-0.89), PREC (cosine=-0.77) and AT (cosine=-0.74) to 
separate cluster 1 and cluster 2 & 3, and mainly by AREA (cosine=0.87) to separate cluster 2 
and cluster 3. The similarities of environment of the three clusters of lakes were also shown in 
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Figure 3-14. Cluster 2 and 3 are closer to each other than to cluster 1, which indicates the 
environment was more similar between cluster 2 and 3.  
 
Figure 3-11. Species richness and limnological characteristics comparisons among the three 
clusters. Environmental variable identifications refer to Table 3-8. 
 
Figure 3-12. Location and climate parameters comparisons comparison among the three 
clusters. Environmental variable identifications refer to Table 3-8. 
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Figure 3-13. Beta diversity of fish community of the three clusters. 
 
Figure 3-14. LDA results. (A). Axis 1 and axis 2 account for 75% and 25% of the between 
clusters variability, respectively. Each cluster is presented as a circle with different number in 
the centre. (B). Circles showing the contribution of the environment parameters to the Axis 1 
and Axis 2. (C) Histogram showing eigenvalues of the LDA. Environmental variable 
identifications refer to Table 3-8. 
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By using eight environmental variables, the predicted assignment of each site unit to the 
correct cluster had an average success of 95% from MLP-BP model. Table 3-9 shows details 
of the prediction success of each cluster. The best prediction was 100% when predict cluster 1, 
the other two clusters also had high values of successful prediction, 97% and 91%, 
respectively. Relative contribution of each environmental variable to each cluster was shown 
in the Figure 3-15. The most important environmental variables in prediction the three 
clusters were WD, AT and DL for cluster 1, AT for assemblage 2, WD for assemblage 3. 
 
Table 3-9. Confusing matrix showing the leave-one-out cross validation of the MLP-BP 
model by using eight environmental variables. The overall percentage of successful prediction 
is 96%. 
Observed/Predicted Presence Absence Success % 
assemblage 1 28 0 100 
assemblage 2 27 1 97 
assemblage 3 12 2 91 
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Figure 3-15. Relative contribution of environmental variables to each cluster predicted by 
MLP-BP model. Environmental variable identifications refer to Table 3-8. 
The species richness for each lake ranged from 1 to 117, which could be satisfactorily 
predicted through the MLP-BP prediction model by using the set of eight environmental 
variables. The result of the model showed high predictability with a correlation coefficient of 
0.98 (p<0.001) in the cross-validation tests. Moreover, the majority of the points in the scatter 
plot of observed values and predicted values were well-aligned along the diagonal of the best 
prediction (Figure 3-16A). AT played the most important role in predicting the species 
richness (Figure 3-16B). 
 
Figure 3-16 MLP-BP model predicting fish species richness in studied lakes.  (A) 
Recognition performance of the MLP-BP model in predicting species richness. (B) Relative 
contribution of each environmental variable in prediction fish species richness. Environmental 
variable identifications refer to Table 3-8. 
 
3-3. Case study of taxonomic and functional changes of fish communities affected by 
anthropogenic pressures in shallow lakes 
We found significant environmental changes among the three periods (p<0.001). The lakes' 
environmental conditions were similar in the 1980s and 1990s, while significant changes were 
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detected afterwards (since the 2000s). Specifically, there was a significant decrease in water 
transparency and a significant increase in the total nitrogen in the recent 10-year period. 
Moreover, the water depth also decreased whereas the rigidity, the conductivity and the 
alkalinity increased significantly (Figure 3-17). We also found a slight (not significant) 
decrease in environmental similarity over time, with lakes being more dissimilar after 1980’s. 
 
Figure 3-17. Environment heterogeneity changes in shallow lakes after losing lake-river 
connections from the 1990s to 2010s. (a) Environment heterogeneity changes from the 1980s 
to 2010s. (b) Vector plots showing the correlation of environmental variables. 
We detected a non-significant trend toward a decrease in fish species richness since the 
1970s (p=0.39, Figure 3-18). There was a sharp decrease in the total number of species since 
the 1970s with a drop from more than 90 species in the 1970s to less than 80 species 
thereafter.  
According to the NMDS analyses of fish communities, we did not detect significant 
changes in species compositions during the four periods (i.e. no difference between the 
centroids of the four circles, p>0.05, Figure 3-19A). However, we found significant changes 
in the similarity of the fish communities within each period (Figure 3-19A and 3-19B). The 
similarity of the fish communities increased linearly over the four periods (Figure 3-19B, 
multivariate permutation test p<0.001). There were significant differences between the 
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periods 1970s and 1990s, 1970s and 2000s (p<0.05, table 3-10), but not between 1990s and 
2000s (p<0.4).  
 
Figure 3-18. Average and total species number in each period after losing lake-river 
connections from the 1970s to 2010s. (a) Average number of species changes from the 1970s 
to 2010s. (b) Total species changes from 1970s to 2010s. 
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Figure 3-19. Fish heterogeneity and beta diversity of four periods in shallow lakes after losing 
lake-river connections from the 1970s to 2010s. (a) Fish heterogeneity changes from the 
1970s to 2010s. (b) Fish beta diversity changes from the 1970s to 2010s. 
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Table 3-10. Functional distance of each species in the four-dimensional functional space and Generalized Linear Model (GLM) testing the temporal change in 
occurrence of each species a, b. 
Fish species Code A/ F c Functional distance Null deviance Residual deviance Pr Sig.d
Acheilognathus barbatulus ABA  0.2027 27.7259 27.2427 0.9226  
Acheilognathus chankaensis ACH  0.1972 0.0000 0.0000 1.0000  
Anguilla japonica AJA  0.6617 26.9205 21.1922 0.1256  
Acheilognathus macropterus AMA  0.1969 7.9406 5.7416 0.5321  
Aristichthy nobilis ANO F 0.5536 0.0000 0.0000 1.0000  
Abbottina rivularis ARI  0.1822 7.9406 5.7416 0.5321  
Acheilognathus taenianalis ATA  0.1972 13.0030 10.2400 0.4296  
Acheilognathus tonkinensis ATO  0.1997 22.4934 9.9054 0.0056 ** 
Botia superciliaris BSU  0.2681 20.0161 13.9210 0.1071  
Channa argus CAL F 0.3095 0.0000 0.0000 1.0000  
Culter alburnus CAR  0.2735 13.0033 9.9054 0.3768  
Cobitis arenae CAG  0.2164 0.0000 0.0000 1.0000  
Carassius auratus CAU  0.3007 0.0000 0.0000 1.0000  
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Culter axycephalus CAX  0.3122 20.0161 16.6935 0.3445  
Coilia brachygnathus CBR  0.2143 25.8979 22.7441 0.3685  
Cyprinus carpio CCA F 0.4742 0.0000 0.0000 1.0000  
Culter dabry CDA  0.1735 0.0000 0.0000 1.0000  
Coilia ectenes CEC  0.3443 13.0033 9.9054 0.3768  
Culterichthys erythropterus CER  0.1734 0.0000 0.0000 1.0000  
Can Hemiculter CHE  0.1784 0.0000 0.0000 1.0000  
Coreius heteroden CHT  0.1360 7.9406 4.4987 0.3284  
Ctenopharyngodon idellus CID F 0.5626 0.0000 0.0000 1.0000  
Culter mongolicus CMO  0.2484 25.8979 23.2852 0.4553  
Cobitis sinensis COB  0.1950 13.0030 10.2400 0.4296  
Coreosiniperca roulei CRO  0.1742 7.9406 5.7416 0.5321  
Cobitis sinensis CSI  0.1948 20.0161 13.1833 0.0774 . 
Distoechodon hupeinensis DHU  0.1410 27.5256 25.3782 0.5424  
Distoechodon tumirostris DTU  0.1356 7.9406 4.4987 0.3284  
Elopichthys bambusa EBA  0.7078 24.4350 18.7870 0.1300  
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Fugu ocellatus FOC  0.3078 7.9406 4.4987 0.3284  
Gnathopogon guichenoti GGU  0.1812 13.0030 10.2400 0.4296  
Hemiculter bleekeri HBL  0.1861 16.9084 14.9674 0.5848  
Hemisalanx brachyrostralis HBR  0.2796 16.9084 15.6470 0.7383  
Hyporhamphus intermedius HIN F 0.3741 22.4934 19.4661 0.3874  
Hemibarbus labeo HLA  0.3845 7.9406 5.7416 0.5321  
Hemibarbus maculatus HMA  0.1497 24.4350 12.8740 0.0091 ** 
Hemibagrus macropterus HMC  0.2799 7.9406 4.4987 0.3284  
Hypophthalmichthys molitrix HMO  0.4576 0.0000 0.0000 1.0000  
Hypseleotris swinhonis HSW  0.2826 13.0033 9.9054 0.3768  
Leiocassis longirostris LLO A/F 0.2764 16.9080 14.0590 0.4155  
Luciobrama macrocephalus LMA  0.4847 7.9406 4.4987 0.3284  
Leptobotia taeniops LTA  0.1909 20.0161 17.8785 0.5443  
Monopterus albus MAL  0.2768 7.9406 4.4987 0.3284  
Megalobrama amblycephala MAM F 0.1366 0.0000 0.0000 1.0000  
Misgurnus anguillicaudatus MAN  0.2705 7.9406 5.7416 0.5321  
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Myxocyprinus asiaticus MAS  0.5216 7.9406 4.4987 0.3284  
Macropodus chinensis MCH  0.2835 13.0033 9.9054 0.3768  
Microphysogobio kiatingensis MKI  0.1827 13.0033 9.2258 0.2865  
Mugilogobius myxodermus MMY  0.2892 27.7259 26.5631 0.7620  
Mylopharyngodon piceus MPI  0.6317 0.0000 0.0000 1.0000  
Macrura reevesi MRE  0.4308 7.9406 4.4987 0.3284  
Mastacembelus sinensis MSI  0.1578 0.0000 0.0000 1.0000  
Megalobrama skolkovii MSK  0.1419 27.7259 26.1962 0.6754  
Neosalanx taihuensis NEO  0.2930 25.8979 22.7441 0.3685  
Neosalanx taihuensis NTA  0.2922 26.9205 26.0578 0.8344  
Opsariichthys bidens OBI  0.1817 16.9084 15.6470 0.7383  
Ochetobius elongatus OEL  0.2488 24.4346 21.5591 0.4112  
Oryzias latipes OLA  0.2117 27.5256 27.2427 0.9632  
Oreochromis mossambicus OMO A/F 0.3729 13.0033 9.5607 0.3283  
Oreochromis niloticus ONI A/F 0.3860 13.0033 9.5607 0.3283  
Odontobutis obscurus OOB  0.1883 7.9406 5.7416 0.5321  
  50
Fish community and environment in lakes in the Yangtze River basin 
Pseudobagrus albomarginatus PAL  0.1779 7.9406 4.4987 0.3284  
Parabotia banarescui PBA  0.1863 25.8979 18.9250 0.0728 . 
Paramisgurnus dabryanus PDA  0.2684 13.0030 10.2400 0.4296  
Pseudolaubuca engraulis PEN  0.1974 13.0030 10.2400 0.4296  
Parabotia fasciata PFA  0.1861 13.0033 9.9054 0.3768  
Pelteobagrus fulvidraco PFU  0.2762 0.0000 0.0000 1.0000  
Paracanthobrama guichenoti PGU  0.1354 26.9205 18.2812 0.0345 * 
Panacheilognathus imberbis PIM  0.2050 20.0161 18.2812 0.6292  
PseudObagrus nitidus PNI  0.2831 13.0033 9.9054 0.3768  
Pseudorasbora parva PPA  0.1832 0.0000 0.0000 1.0000  
Parabramis pekinensis PPE F 0.1445 22.4934 19.8330 0.4470  
Pseudolaubuca sinensis PSI  0.1936 26.9205 23.2852 0.3036  
Pseudobrama simoni PSM  0.1768 22.4934 19.4661 0.3874 * 
Pelteobagrus vachelli PVA  0.2770 20.0161 12.1949 0.0499  
Rhinogobius cliffordpopei RCL  0.2864 25.8979 21.6976 0.2406  
Rhodeus fangi RFA  0.2073 20.0161 17.8785 0.5443  
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Rhinogobius giurinus RGI  0.2839 7.9406 4.4987 0.3284  
Rhodeus lighti RLI  0.2081 25.8979 22.7441 0.3685  
Rhodeus ocellatus ROC  0.2073 20.0161 17.8785 0.5443  
Rhinogobio typus RTY  0.1358 7.9406 4.4987 0.3284  
Squalidus argentatus SAR  0.1800 27.7259 23.2852 0.2176  
Silurus asotus SAS  0.4185 20.0161 14.0594 0.1137  
Siniperca chuatsi SCH F 0.2063 0.0000 0.0000 1.0000  
Squaliobarbus curriculus SCU  0.1443 27.5256 26.1962 0.7222  
Saurogobio dabryi SDA  0.1433 20.0131 16.6935 0.3445  
Saurogobio gymnocheilus SGY  0.1528 7.9406 4.4987 0.3284  
Siniperca kneri SKN  0.2144 16.9084 13.7825 0.3726  
Sarcocheilichthys nigripinnis SNI  0.1810 7.9406 5.7416 0.5321  
Squalidus nitens SNT  0.1870 24.4350 14.0590 0.0156 * 
Siniperca scherzeri SSC  0.1759 20.0161 16.6935 0.3445  
Sarcocheilichthys sinensis SSI  0.1607 22.4934 19.3277 0.3668  
Silurus soldatovi SSO  0.3866 13.0030 11.1480 0.6030  
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Toxabramis swinhonis TSW  0.2119 7.9406 5.7416 0.5321  
Xenocypris argentea XAR  0.1366 24.4346 17.8785 0.0875 . 
Xenocypris davidi XDA  0.1359 24.4346 23.2852 0.7652  
Xenocypris microlepis XMI  0.1364 26.8205 24.3317 0.4595  
a: For each species, presence/absence in each lake as the dependent variable and periods as the independent variable. b: Each GLM result indidated the null 
and the residual deviance, as well as the proability of rejecting the null hypothesis. c: ‘A’ stands for alien species, and ‘F’  for the main fishery species in 
the lakes.  d: Significant Codes: ‘**’ : p < 0.01, ‘*’: p < 0.05.   
Fish community and environment in lakes in the Yangtze River basin 
The alien species and the main aquaculture species are highlighted in Table 3-10. Three 
alien species (Leiocassis longirostris, Oreochromis mossambicus and Oreochromis niloticus) 
were found in these lakes. These alien species were all brought in by aquaculture while the 
other aquaculture species were native ones. We did the same analyses without alien species, 
and the results were not significantly affected (not shown).   
 
Figure 3-20. Species richness (SR) changes and the corresponding functional richness (FRic) 
changes in each lake for each period. A positive value indicates an increase in species or 
functional richness over time. Different symbols stand for different periods (see the legend in 
the figure). Lake names are coded: BDT: Biandantang Lake; LUH: Luhu Lake; LZH: 
Liangzihu Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhu Lake; XSH: 
Xiaosihai Lake; ZDH: Zhangduhu Lake. 
 
Most of the lakes that showed a decrease in species richness were also affected by a loss of 
functional richness, but the magnitude of this loss varied considerably. For example, in both 
Biandangtang Lake and Niushanhu Lake the species richness decreased by 7 species, while 
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functional richness decreased by 37% in Biandangtang Lake, but only decreased by 7% in 
Niushanhu Lake (Figure 3-20). Among the lakes showing an increased species richness some 
also showed an increase in their functional richness but others showed a decrease. For 
instance, species richness had increased in Liangzihu Lake, but functional richness decreased 
by 2% (Figure 3-20). This last finding is determined by a non-random functional turnover, 
with generalist species replacing original ones (which historically contributed to a high 
functional richness).  
The fish with highest values for functional specialization i.e. distributed at the edges of 
functional spaces (Figure 3-21) were: Mylopharyngodon piceus (MPI), Anguilla japonica 
(AJA) and Elopichthys bambusa (EBA), Myxocyprinus asiaticus (MAS), Ctenopharyngodon 
idellus (CID). Most of these fish are migratory species. 
 
Figure 3-21. Species are plotted in the four-dimensional functional space according to their 
respective traits (a: Axes 1 VS Axes 2; b: Axes 3 VS Axes 4). Species with extreme values 
(i.e. significantly changed over the four periods and high/low values in functional 
specialization) are noted with their codes. 
 
We tested whether the presence/absence of each species significantly changed over the 
course of the last decades using binomial regressions (results shown in Table 3-10). Eight 
species, which were commonly found in those lakes in recent years, showed significant 
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changes between the different periods. Most of them had low values of functional 
specialization (Table 3-10), and were close to each other in functional spaces (Figure 3-21). 
Seven of them were lacustrine species, which were found widely distributed in these lakes in 
the recent 10 years after losing the connection between the river and the lakes. 
4. General discussion and conclusions 
4-1. Variations of fish composition and diversity related to environmental variables in shallow 
lakes in the Yangtze River basin 
 Fish species richness was relatively high in this area (varying from 40 to 64 
species in our study lakes) compared with lakes in other regions (average of 35 
species) in China (Zhao et al. 2006) and lakes in other temperate regions, i.e. 25 
species in the temperate regions of Europe and Asia; 67 species in the temperate 
region of South America (Teixeira-de Mello et al. 2009; Tonn and Magnuson 1982; 
Persson et al. 1992; Fischer and Eckmann 1997), and the dominant fish in our 
studied lakes were herbivorous. 
 Fish community structures and diversity were co-affected by limnological 
characteristics (lake area, water depth), macrophyte coverage and some 
physico-chemical parameters. Different fish species were related to different 
environmental parameters. Grouped by CCA scores, three clusters of fish were 
identified as being highly related to different environmental variables. The first of 
these clusters was dominated by Hemibarbus maculatus, Carassius auratus and 
Culter dabry. This group of fish was positively related to TN, TP and chlorophyll a. 
The second group of fish was dominated by Squalidus nitens, Squalidus argentatus, 
Abbottina rivularis and Acheilognathus chankaensis, and was related to limnological 
characteristics parameters (i.e. lake area and water depth). High density (CPUE) of 
these fish would be found in shallow habitats and large lakes. Furthermore, most of 
the species in this cluster were common and widespread in the studied lakes. The 
third group of fish species seems to be sensitive to environmental changes (e.g. 
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Rhodeus fangi). They were negatively related to TN, TP and chlorophyll a, and 
positively related to transparency and macrophyte coverage (Fig. 5b).  
 Fish community in the studied lakes was classified into three groups according 
to the relative importance of each fish species. The hierarchical clustering of 
different cells was robust (the cophenetic correlation coefficient r=0.67). G1 can 
mainly represent fish community in macrophytes lakes in winter and spring, while 
G3 summarized this in summer and autumn. G2 characterized the fish assemblage in 
unvegetated habitats. Fish CPUE, species diversity and richness were found to be 
higher in G1 than other assemblages. The dominant predictive variables were 
predicted by RF and CART models. 
 In order to find out the key species in each assemblage, two methods (IndVal 
and SOM codebook) were used. Most of the results were consistent for 
indicative species in each assemblage always had high contribution values in 
that assemblage. However, both of them had advantages and disadvantages. For 
IndVal, it clearly showed the indicators, which were defined as having significantly 
different values in one assemblage compared with those in others. In this aspect, 
IndVal seems to perform better than the SOM codebook. The disadvantage of Indval 
was that it lost some information. For example, Toxabramis swinhonis G. was the 
second highest contribution species in G1 in codebook (Fugure 4). However, as 
defined the indicator in G3 in IndVal, it is hard to find out the importance of 
Toxabramis swinhonis G. for G1. Moreover, as Hemiculter leucisculus B., 
Rhinogobius giurinus R. and Squalidus nitens G. were found having high 
contribution values in all the three assemblages, they can be defined as common 
species in all the lakes. While Hemiculter leucisculus B. was an indicator in G1, 
Rhinogobius giurinus R. was an indicator in G3, and Squalidus nitens G.  was not 
an indicator in any assemblage. It would be more convincing to use the two methods 
together to find out the important species, for they can support each other and 
overcome the disadvantages. 
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 When considering the habitat preference of indicator species in each cluster, 
pelagic and benthopelagic fish were found to have higher activity in spring and 
winter, while a higher activity of demersal fish would be found in summer and 
autumn. The contributions of each fish species to the cluster structures in SOM also 
confirmed this opinion. The water temperature in different seasons must be a key 
factor to explaining this, for the water temperature varied among different water 
levels. Exactly how this works and are there any relationships with biological 
characteristics of different ecological groups of fish needs more research. 
 Three physical variables (water depth, distance to the bank and transparency), 
one chemical variable (total phosphorus) and two biotic variables (coverage of 
macrophytes and Chlorophyll a) were found to be important in predicting fish 
assemblages and diversity. It can be interpreted that fish communities in vegetated 
habitats (G1 amd G2) enjoyed high coverage of macrophytes, high transparency, low 
total phosphorus and low Chlorophyll a. With decreasing macrophytes, total 
phosphorus and Chlorophyll a increasing and transparency decreasing, fish 
assemblages tended to change from G1 and G3 to G2. 
 Management suggestions in shallow lakes in Yangtze river basin 
We suggest that a good method for restoring water quality would be to replant 
macrophytes in these lakes. The choice of macrophyte species used for restoration 
should be based on their biological characteristics. Species with a long life-span (e.g. 
Vallisneria natans (Lour.) Hara and Hydrilla verticillata) would be most suitable, 
while species that senesce and die at the end of the summer, like Potamogeton crispus 
Linn. (widely distributed in Luhu Lake) should be introduced into these lakes with 
caution.  
It is worth mentioning that two non-native species (Cirrhinus molitorella and 
Leiocassis longirostris) were found during our samplings. Cirrhinus molitorella (only 
found in Luhu Lake) had probably escaped from nearby fish ponds and does not pose 
a serious problem as an invasive species at present because it is a sub-tropical species 
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that requires high water temperatures to survive in winter. However, the ecological 
risk of Leiocassis longirostris (escaped from cages in Niushanhu Lake) is under- 
estimated. We strongly suggest that more caution should be taken with the ecological 
security when introducing an alien species to lakes and nearby water bodies.  
4-2. Factors influencing fish structure in lakes among the Yangtze River basin 
 Lakes in the Yangtze River basin were classified into three clusters. Attitude 
and lake area are the main distinguishing environmental variables among the 
three clusters of lakes (Figure 2). According to their geographic locations, 20 lakes 
of high were classified in cluster 1 (i.e. lakes in Tibet, Sichuan and Yunnan 
province). The species richness was varied from 1 to 37. Fish patterns and processes 
of changes in species composition between lakes in this cluster (i.e. beta diversity) 
were significantly higher than other clusters, which indicated specialist species were 
rich in those lakes. 
 The environment of lakes in cluster 2 and cluster 3 was quite similar compared 
to that of cluster 1 (Figure 2). Lake area was the most important environmental 
factor that distinguished the two clusters lakes, and the most important factor 
in prediction lakes in cluster 3 was WD.  The average lake area of the two 
clusters was 69 and 923 km2, respectively. Lake area is one of the most important 
environmental variable in determining species richness, especial in high diversity 
ecosystems (Tonn and Magnuson 1982; Matuszek and Beggs 1988; Amarasinghe 
and Welcomme 2002; Zhao, Fang et al. 2006). Species richness was significant 
higher in lakes of cluster 3 than those in cluster 2, and the range of it was 23 to 83 in 
cluster 2, 60 to 117 in cluster 3. 
Many studies have shown that the fish communities in lakes of this area were 
tightly connected with water depth (Xie, Cui et al. 2000; Ye, Li et al. 2006; Cheng, 
Lek et al. 2010). Lakes in cluster 3 were concentrated in the middle and lower reach 
of the Yangtze River, and most of them were shallow lakes. Species richness in 
shallow lakes has higher species richness than in deep ones (Figure 1). While, 
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species richness increased with the increasing of water depth in those shallow lakes 
(SP=2.15WD+73.18). 
4-3. Case study of taxonomic and functional changes of fish communities affected by 
anthropogenic pressures in shallow lakes 
 We detected severe environmental changes in the very recent decades that 
matched the loss of the connection between this set of lakes and the Yangtze 
River system. This loss in connectivity can limit the possibility for water 
exchange between water bodies, and hence explained such abrupt 
environmental changes (Power et al, 1996; Tockner et al, 2010). However, the 
increase in total nitrogen and the conductivity could also be ascribed to the input of 
nutrients inherent to aquaculture (Liang & Liu, 1995; Cui & Li, 2005). Given that 
these two pressures (loss of connectivity and aquaculture) are acting simultaneously 
on the lakes (Xie & Chen, 1999; Wang, et al., 2005), teasing apart the relative 
effect of each is a difficult task and would require additional data. Nonetheless, 
these changes led to a considerable increase in the nutrient concentration in the 
water and a disappearance of macrophytes, therefore strikingly decreasing the water 
transparency in the recent ten years. Moreover, the loss of the water supply from 
the river probably led to the observed decrease depth of the lakes. Environmental 
conditions play an important role in the organization of lacustrine fish communities 
(Tejerina-Garro, 1998; Amarasinghe & Welcomme, 2002). Many studies have 
shown that the fish communities in these Chinese lakes were tightly connected with 
environmental parameters, such as water transparency, water depth and water 
temperature (Xie et al., 2001; Ye et al., 2007; Yu & Xian, 2009; Xie Cheng et al., 
2010a, b). Thus, we expected that environmental changes induced by losing 
lake-river connections would also indirectly affect the fish taxonomic composition.  
 Significant differences were found in the similarity of fish communities over 
the last four 10-year periods. Similarity steeply increased since the 1980s, 
indicating a strong decrease in beta diversity. Specifically, significant changes were 
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detected in the 10 years from the 1980s to 1990s, while there were no significant 
changes before the 1980s and after the 1990s. The finding that fish communities did 
not significantly change during the first decade after the loss of lake-river 
connections could be explained by a biological delay between the effects of human 
disturbances and the response of fish populations. In addition, our results might 
indicate that the fish community tended to be more stable in the recent 10 years, 
even if the beta-diversity of the fish communities was still slightly decreasing. 
 A decrease in beta-diversity over time indicates a homogenization of 
communities.  In general, community homogenization is ascribed to the loss of 
native species and the establishment of a small number of non-native species 
(Olden & Rooney, 2006). We tested for the effect of non-native species by doing all 
our analyses without including non-native species (see Table 1 for the list of 
non-native species). The NMDS gave similar results when we considered only 
native species. This indicates that, contrary to most previous studies, the 
introduction of non-native species was not the main driver of change in similarity in 
those communities. Even without the non-native species in the analysis, we still 
failed to detect a significant decrease in species richness. Therefore, we can 
reasonably assume that change in environmental conditions due to the loss of 
connectivity and the development of aquaculture lead to a turnover within the 
native species pool. 
 Our functional analysis also shed light on the processes behind such 
homogenization. As shown in the fish functional spaces and functional distance, 
the homogenization of fish communities could mainly be ascribed to the 
disappearance of migratory fish species and an increase in lacustrine fish species. 
Specifically, migratory fish with long life-spans and large size were mainly affected 
by the changes we report here. These species are distributed at the edge of the 
functional space and can therefore be defined as specialist species (Devictor et al., 
2010). For instance, ten fish species disappeared after the 1970s; they were all 
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larger than 50 cm in length and three of them were migratory species. 
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Abstract – Variations in fish communities of shallow lakes in the Yangtze basins were investigated from September
2007 to September 2009. Six lakes were chosen for comparative study of species composition and diversity in rela-
tion to environmental variations. Lake heterogeneity was described with environmental physico-chemical variables,
using principal component analysis. Sixteen families, composed of 75 species of fish were found in the studied lakes,
Cyprinidae being the dominant group. Fish species were divided by habitat preference and trophic guild: benthopelagic
and herbivorous fish were the most common guilds in all lakes. Species diversity and richness were significantly higher
in spring, while the evenness, expressed by equitability of Simpson’s index, was not significantly different among
seasons. Species richness and diversity were significantly higher in vegetated lakes (e.g. Liangzihu Lake) than in non-
vegetated lakes (e.g. Biandantang Lake), with the largest area (Liangzihu Lake) harbouring the largest species richness
and the greatest diversity. The relationship between environmental variables and fish assemblage were analysed us-
ing canonical correspondence analysis (CCA). The dominant gradients describing species composition and abundance
among the sampling sites were: total phosphorus, total nitrogen, chlorophyll a, transparency and water depth. Our study
led to the following conclusions: 1) the water quality was better - i.e. high transparency, low total phosphorus (TP) and
total nitrogen (TN) and chlorophyll a- in vegetated lakes than in unvegetated lakes; 2) vegetated lakes had higher fish
diversity than unvegetated lakes; 3) fish relative abundance (CPUE: number of fish per fishing pass) was significantly
related to water chemical parameters. Consequently, the details of the findings are useful and relevant for developing
suitable conservation strategies to sustain the integrity of fish communities in these lakes.
Key words: Freshwater fish / Environmental variables / Lake / Fish diversity / CCA / PCA / Yangtze River basin
1 Introduction
As habitat degradation continues to accelerate on a global
scale, maintenance of species richness and biodiversity has be-
come a central issue of conservation biology (Jones et al. 2004;
Lenihan and Peterson 1998; Rouget et al. 2003; Sinclair et al.
1995). Inland aquatic systems are crucial for the conservation
of local and global biodiversity (Moss 2000). In fact, there is
a great diversity in the form and function of these aquatic sys-
tems, presenting a wide range of habitats (Allan and Flecker
1993; Moss 2000; Williams et al. 2004). This is particularly
the case for the fish fauna of shallow waters (Amarasinghe and
Welcomme 2002). Indeed, shallow lakes vary considerably in
species richness, supporting considerably more species, in-
cluding more unique and more scarce species than other type
of water body (i.e. rivers, streams and ditches) at a regional
a Corresponding author: zhongjie@ihb.ac.cn
level (Williams et al. 2004); lakes, therefore, make the great-
est contribution to sustaining biodiversity. Unfortunately, most
shallow lakes occur in lowland areas, often with high human
population densities. As a consequence, their environmental
value is being dramatically affected, as demonstrated by nu-
merous studies (De Meester and Declerck 2005; Xie and Chen
1999; Fang et al. 2008).
Conditions in the lakes seem to be a major factor affect-
ing diversity. It is widely accepted that environmental varia-
tion plays an important role in the organization of lacustrine
fish communities (Jackson and Harvey 1989; Tejerina-Garro
et al. 1998; Amarasinghe and Welcomme 2002) However, the
most important factors in determining species composition dif-
fer between water bodies, ranging from physical habitat, like
lake morphology, to water chemistry (Rahel 1984; Jackson
and Harvey 1989; Tejerina-Garro et al. 1998; Amarasinghe
and Welcomme 2002; Zhao et al. 2006; Petry et al. 2003;
Article published by EDP Sciences
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Teixeira-de Mello et al. 2009). Comparisons of fish commu-
nity structure in lakes, conducted at the regional scale, have
highlighted predictable links between community structure
and environmental variations. The investigation of how envi-
ronmental factors (physico-chemical and biotic) determine the
structure of natural assemblages has benefited greatly from the
“natural experiments” of comparative studies (e.g., Diamond
1978; Werner et al. 1978). This method can fairly quickly gen-
erate and test hypotheses, assess mechanisms, and produce ac-
ceptable explanations for community-level problems under a
wide variety of conditions (Tonn and Magnuson 1982).
The Yangtze River, also called the Chang Jiang meaning
“long river”, flows for 6300 km from the Tibetan Mountains to
the East China Sea. Its catchment covers 1/5 of the land area of
China. The Yangtze River basin accounts for 40% of China’s
freshwater resources, more than 70% of fishery production,
and 40% of the China’s GDP (Wong 2007; He et al. 2010).
In addition to its social and economic importance, the Yangtze
River basin is a centre of immense biological wealth. However,
human activities have profoundly degraded the ecosystem of
lakes in the Yangtze basin, with consequences such as water
quality degradation, threats to biodiversity and algal bloom-
ing (Xie and Chen 1999; Fang et al 2008). As lakes are seen
as highly productive water bodies, more effort is put into in-
creasing fishery production and less into the conservation of
fish biodiversity. Few studies of fish communities were found
on this area. Xie et al. (2001) compared small fish community
differences between zones with or without submersed macro-
phytes and found fish communities in submersed macrophytes
zones to have significantly higher diversity, density and fish
biomass. Ye et al. (2007) examined the spatial and seasonal
variations of the fish community relative to two key environ-
mental factors: the macrophyte complex and the water depth.
In fact, studies on species richness patterns in these lakes are
rare and have been largely ignored by monitoring and protec-
tion strategies.
Our aim in the present study was to analyse factors ex-
plaining patterns of fish assemblages in different lakes within
the Yangtze River basin, based on environmental variations.
Two objectives were thus addressed: 1) to describe the fish as-
semblages present in these lakes by examining the abundance
and occurrence of the fish species composition, the assemblage
patterns and the influence of environmental variables on the
assemblages; 2) to test hypotheses of possible links between
changes in the fish community and those in the environment.
Consequently, we hope the details of our findings will be use-
ful and relevant to developing suitable conservation strategies
to sustain the integrity of fish communities in the area.
2 Material and methods
2.1 Study area
The six lakes (Fig. 1) chosen for our study are located in
the central zone of the Yangtze River basin in Hubei, China.
This area is in the temperate zone and has a great number of
lakes (Hubei alone has over 1300 lakes), therefore providing
the necessary conditions to study the insular biogeography of
Fig. 1. The six sampled lakes and their locations. (A) The six lakes.
(B) China, Yangtze River with the location of the lakes shown indi-
cated by a filled square.
fish assemblages and well suited for comparative studies in
aquatic ecology.
In selecting the lakes for this study, we picked those with
different macrophyte coverage, surface area and maximum
depth, but similar fishery activities. The six lakes chosen are
relatively close together and exposed to the same species pool,
but differ in surface area and macrophyte coverage. All of the
lakes are suburban lakes except Tangxunhu Lake. The lakes
present different macrophyte cover: Liangzihu Lake (LZH)
and Niushanhu Lake (NSH) have a high coverage (dominated
by Vallisneria natans (Lour.) Hara and Hydrilla verticillata)
throughout all the year; Luhu Lake (LUH) and Wuhu Lake
(WUH) were also covered by macrophytes, but these only
appeared in spring and summer. Potamogeton crispus Linn.
was the dominant macrophyte species in Luhu Lake, but this
species senesced and died after summer. The water depth in
Wuhu Lake increased sharply (by nearly one metre) in sum-
mer, which led to macrophyte death. Biandantang Lake (BDT)
and Tangxunhu Lake (TXH) were devoid of macrophytes. The
details of lake characteristics and locations are summarized in
Table 1.
2.2 Data collection
Habitat descriptions and fish sampling were conducted
from September 2007 to September 2009. Within-lake habitat
measurements and fish samples were taken at four to twelve lo-
cations in each lake, depending on the total surface of the lake
and the macrophyte coverage. Sampling started from a ran-
dom point and then proceeded at evenly distributed intervals
along the margins of the water body. We collected data season-
ally from each lake. Fish samplings were sometimes repeated
the following year because the sampling tools were often de-
stroyed by crabs (Eriocheir sinensis) aquaculture in the study
lakes. However, only the samplings from intact sampling tools
and one dataset for each season in each lake were selected,
meaning that about 100 datasets were used in this research.
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Table 1. The locations and main characteristics of the studied lakes. TP: total phosphorus; TN: total nitrogen; COD: chemical oxygen demand;
DO: dissolved oxygen; Chla: chlorophyll a.
Lake Biandantang Luhu Liangzihu Niushanhu Tangxunhu Wuhu
Code BDT LUH LZH NSH TXH WUH
Latitude (◦) 30.31 30.22 30.24 30.32 30.43 30.78
Longitude (◦) 114.77 114.19 114.53 114.54 114.35 114.51
Area (km2) 3.5 25 285 38 10 32
Temperature (◦C) 21 ± 1.6 23.6 ± 4.0 23.5 ± 3.4 21.9 ± 3.3 23.9 ± 5.2 21.9 ± 5.8
Water depth (m) 1.8 ± 0.4 2.8 ± 0.5 2.9 ± 0.4 2.0 ± 0.3 2.3 ± 0.2 1.8 ± 0.4
Transparency (cm) 56 ± 3 142 ± 66 152 ± 128 71 ± 20 43 ± 29 50 ± 23
TP (mg L−1) 0.06 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 0.06 ± 0.03 0.13 ± 0.06 0.08 ± 0.04
TN (mg L−1) 1.79 ± 1.06 0.64 ± 0.37 0.48 ± 0.30 0.79 ± 0.51 2.46 ± 0.83 1.12 ± 0.39
COD (mg L−1) 1.83 ± 1.47 1.61 ± 0.85 1.33 ± 0.81 2.16 ± 1.32 2.96 ± 0.75 2.28 ± 1.24
DO (mg L−1) 7.38 ± 0.91 8.87 ± 0.69 8.73 ± 0.47 8.41 ± 0.99 10.18 ± 2.4 9.25 ± 1.76
Chla (μg L−1) 7.49 ± 2.35 7.24 ± 5.00 2.97 ± 3.13 13.03 ± 5.18 52.75 ± 44.73 20.27 ± 16.03
Macrophyte coverages 0% 30% 80% 60% 0% 30%
2.3 Environmental parameter measurements
Eleven environmental characteristics were considered in
this research Physical parameters included water body area
(AREA), water temperature (WT), water depth (WD), trans-
parency - measured by Secchi depth (TRA) -, and distance to
the bank (DIS). Chemical parameters included total phospho-
rus (TP), total nitrogen (TN), chemical oxygen demand (COD)
and dissolved oxygen (DO). In addition, chlorophyll a (CHI)
and coverage by macrophytes (CRM) per square metre at each
sampling station were also taken into account in this study.
2.4 Fish sampling and measurements
To capture fish, one multimesh gill-net and one trap-net
were set together at each site. The multimesh gill-net method
followed that used by Appelberg (2000). The total length of
each net was 20 m using mesh sizes between 5 and 55 mm
knot to knot. The mesh sizes followed a geometric series, with
a ratio of about 1.25 between mesh sizes, and were assembled
in the following order: 43, 19.5, 6.25, 10, 55, 8, 12.5, 24, 15.5,
5, 35 and 30 mm. Using randomly selected mesh sizes, the nets
were set in the water at 6:00∼7:00 p.m. and were hauled out
at 6 : 00 ∼ 7 : 00 a.m. the following day. Fish collected were
immediately identified to the species level, counted, weighed
to the nearest gram, measured (total length, to the nearest mm)
and then classified into habitat and trophic guild. The habitat
and trophic guild of each species was based on our previous
research and on FishBase data (Froese and Pauly 2010). The
relative abundance of each species at each sampling was ex-
pressed in terms of catchper-unit effort (CPUE, mean number
of individuals per fishing pass). In order to record all the fish
species, for the analysis of fish species composition, we also
investigated the fish species from fishery catches.
2.5 Statistical analysis
Lake environmental variations were analysed using princi-
pal component analysis (PCA) with the physico-chemical data.
Fig. 2. Results of principal component analysis (PCA) on environ-
mental variables measured for each lake. The first two principal com-
ponents described 42 and 17% of the total hydrological variation, re-
spectively. (A) Each lake is presented as an ellipsoid. For lake identi-
fications see Material and Methods. (B) Barplot showing eigenvalues
in the PCA (C) Vector plot showing the correlation of environmental
variables in the F1 - F2 plane.
Geometrically, PCA is a rigid rotation of the original data ma-
trix, and can be defined as a projection of samples onto a new
set of axes. The maximum variance is projected or “extracted”
along the first axis, the maximum variation uncorrelated with
axis-1 is projected on the second axis, the maximum varia-
tion uncorrelated with the first and second axis is projected on
the third axis, and so on. PCA is now used routinely by ecolo-
gists (Townsend et al. 1997; Grossman et al. 1998; Lamouroux
et al. 1999; Brosse et al. 1999, 2001) to simplify large data sets
while reducing information loss, and to assess intercorrelation
among variables of interest (Grossman et al. 1991).
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Three diversity indices were chosen for diversity compar-
isons among different lakes and different seasons, these were:
species richness, Simpson’s inverse index and equitability of
Simpson index. Simpson’s inverse index was calculated by
the formula: D = 1/Σ p2i , where pi is the proportional abun-
dance of species i. Equitability of Simpson inde was calcu-
lated by dividing Simpson’s inverse index by S, where S is the
species richness. This index allows species richness to be re-
moved, in order to consider only the distribution of the differ-
ent species; it is, thus, used to express the evenness of a com-
munity. The differences of diversity among the four seasons
and the six lakes were tested by Kruskal-Wallis and multiple
comparison tests. The Kruskal-Wallis test is a nonparametric
(distribution free) test used to compare three or more groups of
sample data and the multiple comparison tests are a group of
tests made following a one or two-factor ANOVA or a Kruskal-
Wallis test.
The relationships of fish community structure with envi-
ronmental factors were analysed using canonical correspon-
dence analysis (CCA). CCA is a direct gradient analysis
method that concomitantly analyses the species and environ-
mental data and produces two types of site score. Weighted
average site scores were used in this study. For detail on the
merits and shortcomings of CCA in relation to other ordination
methods, see Palmer (1993) and McCune (2002). The species
occurring in only a single lake were omitted from the analy-
sis. Before the analysis started, data on relative species abun-
dances were log-transformed (ln(x + 1)) to reduce the weight
of a few dominant species. The environmental variables were
log10(x+ 1)-transformed to approximate normal distributions,
but normal distribution was not achieved for all of the vari-
ables. A Monte Carlo permutation test (999 permutations) was
performed to test the significance of the relationships between
environmental variables and species composition among study
sites (i.e. the significance of the sum of all eigenvalues). The
Monte Carlo method is for testing whether a set of data is
consistent with a null hypothesis. It is appropriate for a sit-
uation where the theoretical distribution of the test statistic is
unknown. The test procedure is to use Monte Carlo methods to
generate 999 further data sets of the same size as the true data,
under the conditions defined by the null hypothesis. The value
for the test statistic is calculated for each of these data sets
and the distribution of these values is examined. If the value
of the test statistic for the actual data is similar to the values
obtained from the artificial data sets, then the null hypothesis
is accepted, whereas if it is more extreme than the observed
value, the hypothesis is rejected.
PCA and CCA ordinations were carried out in the R soft-
ware using the “ade4” package (Dray and Dufour 2007).
3 Results
3.1 Environmental variations in the studied lakes
Physico-chemical parameters of the six studied lakes were
analysed by PCA (Fig. 2) to identify the differences / simi-
larities between the lakes. The first two principal components
described 42% and 17% of the total hydrological variation,
respectively. The six lakes were mostly differentiated by the
first PCA axis. Hydrological variables had high loadings on the
first component, such as: chlorophyll a (0.923), total phospho-
rus (0.886), total nitrogen (0.886) and transparency (–0.806).
Thus, the first component represents a contrast between the
lakes presenting eutrophication and those with macrophyte
vegetation.
The comparison between the six lakes is shown (Fig. 2a).
Tangxunhu Lake (TXH) was very different from other lakes,
as this is an urban lake with high total phosphorus, total ni-
trogen, chlorophyll a and chemical oxygen demand. The other
five lakes are suburban lakes. Among these, Liangzihu Lake
(LZH) and Niushanhu Lake (NSH) were found to be close
to each other and far from Tangxunhu Lake. The macrophyte
coverage of these two lakes was relative higher than for the
other lakes, and they had lower TP, TN, COD, chlorophyll a
and higher transparency (Table 1). The remaining three lakes
were located in the intermediate position between Tangxunhu
Lake and Liangzihu Lake + Niushanhu Lake (Fig. 1a). Their
similarities were the absence of macrophytes, in Biandantang
Lake (BDT), or temporary macrophyte coverage in spring and
summer (as at the end of summer, most of the macrophytes
had senesced and died), in Luhu Lake (LUH) and Wuhu Lake
(WUH).
3.2 Fish composition of shallow lakes in the Yangtze
River basin
All together, 75 species of fish were found across the six
lakes. A maximum number of 64 species was found in Liangz-
ihu Lake, while a minimum of only 37 species was found in
Biandantang Lake. The fish identified belonged to 16 fami-
lies, of which Cyprinidae had the greatest species richness; 43
species from this family being found. The largest number of
species from this family was found in Liangzihu Lake. The
members of other families had relatively low species richness,
ranging from 1 to 5 species per family. In total, 17 791 indi-
vidual fish were caught during the sampling period. Six species
represented less than 0.5% of the total catches. The six most
abundant species were Toxabramis swinhonis, Hemiculter leu-
cisculus, Rhodeus ocellatus, Pseudorasbora parva, Rhinogob-
ius giurinus and Squalidus nitens, which accounted for 74% of
fish collected. Eight species were found to have more than 25%
occurrence frequency: H. leucisculus, T. swinhonis, P. parva,
R. giurinus, S. nitens, Carassius carassius, Culterichthys ery-
thropterus, and R. ocellatus. H. leucisculus was the most fre-
quent of all fish species found (Table 2).
Divided by habitat, benthopelagic fish was the most com-
mon type in all the lakes. It is worth mentioning that 31 species
of benthopelagic fish were found in Niushanhu Lake, which
represents 54% of the total number of species in this lake
(Table 3). Only five species of pelagic fish were found in
the lakes. The number of demersal fish species varied from
8 to 18 in the studied lakes. A larger number of demersal fish
species were found in macrophyte lakes, such as Liangzihu
Lake, Niushanhu Lake and Luhu Lake.
Based on their trophic level, we divided all captured fish
into three groups: carnivorous, herbivorous and benthivorous.
A total of 16 carnivorous fish species were identified, 15 of
which were found in Liangzihu Lake, the highest number of
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Table 2. Total number (N), relative abundance (RA), relative occurrence (RO), fish total length range (TL) and species composition of fish
sampled in each lake from September 2007 to September 2009. X indicates the presence of fish species in each lake. BDT: Biandantang Lake;
LUH: Luhu Lake; LZH: Liangzihu Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhu Lake.
Species Family Abbr. N RA RO TL BDT LUH LZH NSH TXH WUH
(%) (%) (mm)
Misgurnus anguillicaudatus Cobitidae Mang 16 0.1 2.5 78–147 X X X X
Abbottina rivularis Cyprinidae Ariv 308 1.7 20.9 40–110 X X X X
Acheilognathus chankaensis Cyprinidae Ntai 216 1.2 13.6 55–98 X X X
Acheilognathus macropterus Cyprinidae Amac 56 0.3 6.3 32–104 X X X X
Aristichthys nobilis Cyprinidae Anob 26 0.1 3.2 150–478 X X X
Carassius carassius Cyprinidae Caur 379 2.1 30.1 32–294 X X X X X X
Cirrhinus molitorella Cyprinidae Cmol 170 0.9 2.8 171–264 X
Culter alburnus Cyprinidae Calb 11 0.1 2.8 121–406 X X X X X
Culter dabry Cyprinidae Cdab 85 0.5 12.6 50–298 X X X X X
Culter mongolicus Cyprinidae Cmon 81 0.5 21.0 134–380 X X X X X
Culterichthys erythropterus Cyprinidae Cery 696 3.8 27.6 28–285 X X X X
Cyprinus carpio Cyprinidae Ccar 20 0.1 6.3 93–390 X X X
Distoechodon hupeinensis Cyprinidae Dhup 423 2.3 12.9 19–220 X X X X
Elopichthys bambusa Cyprinidae Ebam 1 0.01 0.4 148 X
Hemiculter leucisculus Cyprinidae Hleu 2703 15.0 49.3 26–246 X X X X X X
Hemibarbus maculatus Cyprinidae Hmac 7 0.04 1.8 159–280 X
Hemiculter bleekeri Cyprinidae Hble 40 0.2 4.9 94–216 X X X X
Hypophthalmichthys Cyprinidae Hmol 4 0.02 1.4 111–493 X X X X
Megalobrama amblycephala Cyprinidae Mamb 1 0.01 0.4 148 X
Panacheilognathus imberbis Cyprinidae Pimb 460 2.5 17.8 16–85 X X X X X
Paracanthobrama guichenoti Cyprinidae Pgui 13 0.07 2.8 104–254 X X
Pseudobrama simoni Cyprinidae Psim 65 0.4 1.4 69–177 X
Pseudorasbora parva Cyprinidae Ppar 1802 10.0 40.9 27–130 X X X X X X
Rhodeus fangi Cyprinidae Rfan 148 0.8 7.7 27–49 X X
Rhodeus ocellatus Cyprinidae Roce 1994 11.1 25.2 13–90 X X X X X X
Sarcocheilichthys nigripinnis Cyprinidae Snig 163 0.9 16.1 28–115 X X X X
Squalidus argentatus Cyprinidae Sarg 261 1.5 17.5 40–140 X X X X
Squalidus nitens Cyprinidae Snit 1032 5.7 31.5 35–105 X X X X X X
Xenocypris davidi Cyprinidae Xdav 17 0.1 3.5 147–320 X X X X
Macropodus chinensis Belontiidae Mchi 2 0.01 0.4 30–60 X
Hypseleotris swinhonis Eleotridae Hswi 530 2.9 16. 8 22–79 X X X
Odontobutis obscurus Eleotridae Oobs 15 0.1 4.6 75–157 X X X X X
Rhinogobius giurinus Gobiidae Rgiu 1112 6.1 37.8 16–102 X X X X X X
Hyporhamphus intermedius Hemiramphidae Hint 186 1.0 10.5 41–179 X X X X X X
Mastacembelus sinensis Mastacembelidae Msin 22 0.1 4.6 125–245 X
Neosalanx taihuensis Salangidae Acha 216 1.2 4.2 44–122 X X
Siniperca chuatsi Serranidae Schu 5 0.03 1.8 163–390 X X X X
Pelteobagrus fulvidraco Siluridae Pful 27 0.2 5.9 48–221 X X X
TOTAL 17791 100 100 16 16 23 30 27 32
Table 3. Fish assemblage composition in each lake, grouped by habitat and trophic guild. N is the number of species. BDT: Biandantang Lake;
LUH: Luhu Lake; LZH: Liangzihu Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhu Lake.
Lake Habitat Guild Trophic Guild
Total Pelagic Pelagic-neritic Benthopelagic Demersal Carnivorous Herbivorouc Benthivorous
BDT 42 10 26 20 46 10 26 10 19 26 16 22
LZH 63 14 19 28 39 18 25 15 21 25 35 23 32
LUH 40 10 25 16 40 11 28 23 14 35 17 43
NSH 57 10 18 31 54 13 23 11 15 28 39 18 25
TXH 40 10 25 19 48 10 25 10 14 15 21 15 21
WUH 40 22 18 44 10 27 9 13 16 22 15 21
TOTAL 75 5 7 14 19 36 48 20 27 16 21 33 44 26 35
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carnivorous fish species among all the lakes (Table 3). Pseu-
dobagrus nitidus only appeared in Liangzihu Lake, while Leio-
cassis longirostris, as an aquaculture species, was only found
in Niushanhu Lake. Herbivorous fish were the most frequent in
all the lakes. A total of 33 herbivorous fish species were iden-
tified. Niushanhu Lake had the largest number of herbivorous
fish species - up to 28 species - while only 15 were found in
Wuhu Lake and Tangxunhu Lake. In total, 26 species of ben-
thivorous fish species were found, the largest number of which
were found in Liangzihu Lake (23 benthivorous species).
3.3 Spatial and temporal changes of fish
diversity
3.3.1 Seasonal variability
The seasonal changes in fish diversity are shown (Fig. 3).
Species richness (Fig. 3a) and diversity (inverse Simpson in-
dex, Fig. 3b) were significantly different among the four sea-
sons, but the evenness (expressed by equitability of Simpson
index, Fig. 3c) showed no significant difference among sea-
sons (Kruskal-Wallis test). Subsequent multiple comparison
tests showed that species richness was significantly higher in
spring than in autumn, and that there were no significant dif-
ferences between other seasons (Fig. 3a). Species diversity was
also significantly higher in spring than in autumn and summer
(Fig. 3b).
3.3.2 Fish diversity comparisons among lakes
Fish species richness, diversity and evenness comparisons
were found significantly different among the six lakes (Fig. 4).
Biandantang Lake had the lowest value both in species rich-
ness and diversity (Fig. 4a, 4b). When examined with multi-
ple comparison tests, species richness was found significantly
lower in Biandantang Lake than in Luhu Lake and Liangz-
ihu Lake; the difference of species richness was also signifi-
cant between Liangzihu Lake and Niushanhu Lake (Fig. 4a).
Fish diversity was higher in Liangzihu and Luhu lakes than in
the other lakes. Biandantang Lake and Tangxunhu Lake had
the lowest value of diversity, which was significantly differ-
ent from Luhu Lake and Liangzihu Lake (Fig. 4b). Niushanhu
Lake had the highest value of evenness, which was signifi-
cantly higher than in Tangxunhu Lake (Fig. 4c).
3.3.3 Environment and fish community
The most important variables (Table 4, Fig. 5) describing
the species composition among the study sites were chloro-
phyll a TP, and TN for axis 1 (X-axis); and transparency, wa-
ter depth and area for axis 2 (Y-axis). In ecological terms,
axis 1 showed gradients in species composition related to wa-
ter chemistry variables Species composition varied along a
gradient from small, eutrophic lakes (high TN and TP) to
larger lakes with low TN, TP and chlorophyll a; axis 1 de-
scribed mainly the relationships of spatial and temporal varia-
tion with the assemblage composition. The first two CCA axes
Fig. 3. Seasonal changes in the fish community. (A) Species richness
comparisons among the four seasons; (B) Simpson’s Inverse Index
comparisons among the four seasons; (C) Equitability of Simpson
index comparisons among the four seasons. SPR: spring; SUM: sum-
mer; AUM: autumn; WIN: winter.
had eigenvalues of 0.19 and 0.13, explaining 28% and 19% of
variation in the relationship between species composition and
environmental factors, respectively. The overall Monte Carlo
randomization test showed a significant result for the sum of
all eigenvalues (999 permutations, p < 0.01).
Based on the CCA scores, three clusters of fish were iden-
tified (Fig. 5). Cluster I (upper part of Fig. 5) was positively
related to TN, TP, chlorophyll a and COD, dominated by
Neosalanx taihuensis, Hemibarbus maculatus, Cyprinus car-
pio, Culter dabry and Xenocypris davidi; Cluster II (left part
of Fig. 5) was mostly related to limnological characteristics
parameters (e.g. lake surface area and water depth) dominated
by Squalidus nitens, Squalidus argentatus, Abbottina rivularis
and Acheilognathus chankaensis; Cluster III (low-right part of
Fig. 5) was positively related to transparency, macrophyte cov-
erage, negatively related to TN, TP, chlorophyll a and COD,
and dominated by Rhodeus fangi, Hypseleotris swinhonis and
Rhinogobius giurinus. Cluster III can be subdivided into two
groups (groups a and b). Cluster III was made up of the most
frequent species in the lakes, and concentrated in the middle-
left part of Fig. 5; Cluster III was positively related to macro-
phyte coverage and transparency.
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Fig. 4. Comparisons of fish community diversity among the six lakes.
(A). Species richness comparisons among the six lakes; (B). Simp-
son’s Inverse Index comparisons among the six lakes; (C). Equi-
tability of Simpson index comparisons among the six lakes. BDT:
Biandantang Lake; LUH: Luhu Lake; LZH: Liangzihu Lake; NSH:
Niushanhu Lake; TXH: Tangxunhu Lake; WUH: Wuhan Lake.
4 Discussion and conclusion
As environments are modified by anthropogenic pressures,
the species composition of fish communities has been found
to change (Cowx 1994), i.e. decreasing biodiversity in lakes
(Xie and Chen 1999; Fang et al. 2008), and increases in om-
nivorous fish as river system habitats deteriorate (Karr 1981;
Roth et al. 1996; Schleiger 2000). Studies of fish communities
that focus on the relationships between fish and their habitats
are of particular importance because of their value in quantify-
ing the effects of habitat supply limits, which by some means
control the size and dynamics of fish communities (Barbour
and Brown 1974; Amarasinghe and Welcomme 2001; Zhao
et al. 2006). Among ecosystems that support a higher biodiver-
sity, wetlands occupy only about 1% of the earth’s surface, but
Table 4. Summary of the canonical correspondence analysis on envi-
ronmental parameters measured for all lakes. Monte Carlo test run
for the sum of all eigenvalues was significant (999 permutations,
p < 0.01).
X-Axis Y-Axis r2 p
AREA −0.624 −0.463 0.196 0.001 ***
WT 0.341 −0.284 0.115 0.002 **
WD 0.428 0.502 0.183 0.001 ***
TRA −0.7 0.587 0.512 0.001 ***
DIS −0.186 0.208 0.101 0.007 **
TP 0.794 −0.079 0.505 0.001 ***
TN 0.762 −0.238 0.519 0.001 ***
COD 0.474 0.298 0.273 0.001 ***
DO 0.261 −0.309 0.189 0.001 ***
CHI 0.868 −0.261 0.471 0.001 ***
CRM −0.517 0.175 0.180 0.001 ***
Statistical significance:p < 0.001 ***; p < 0.01 **; p < 0.05 *
provide a habitat for about 20% of the world’s species (Dugan
1993).
4.1 Fish community structure and patterns in shallow
lakes of the Yangtze basin
Fish species richness was relatively high in this area (vary-
ing from 40 to 64 species in our study lakes) compared with
lakes in other regions (average of 35 species) in China (Zhao
et al. 2006) and lakes in other temperate regions, i.e. 25 species
in the temperate regions of Europe and Asia; 67 species in the
temperate region of South America (Teixeira-de Mello et al.
2009; Tonn and Magnuson 1982; Persson et al. 1992; Fischer
and Eckmann 1997), and the dominant fish in our studied lakes
were herbivorous.
The dominance of herbivorous fish in the study lakes can
be explained by equilibrium-based mechanisms. It is well
known that equilibrium-based mechanisms are inseparably
linked to niche structure in communities (Tonn and Magnuson
1982). In saturated communities, species richness is proposed
to be a function of the resource availability, tolerable niche
overlap and minimum niche size along a resource gradient
(Menge and Sutherland 1976; Connell 1978). If the toler-
able niche overlap and minimum niche size are relatively
constant (Roughgarden 1974; Werner 1977), species richness
should depend mainly on habitat complexity. Similarly, more
productive habitats allow greater dietary specialization and
should support more species (MacArthur 1972). Herbivorous
fish species such as Parabramis pekinensis, Xenocypris argen-
tea and Ctenopharyngodon idellus feed mainly on plants or
plant debris, while other herbivorous fish such as Aristichthys
nobilis, Hemibarbus maculatus and Hemibarbus labeo feed
mainly on plankton. As a result, it does not matter whether
macrophytes or phytoplankton are the main primary producer
in these lakes, in both cases there is a rich food source for her-
bivorous fish and they could thus become the dominant fish
species in all the investigated lakes.
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Fig. 5. Results of CCA analysis performed on the fish-environmental
data matrices. (A) Canonical weights of each environmental vari-
able. (B) Barplot showing eigenvalues in the CCA The first two CCA
axes explain 28% and 19% of variance, respectively. (C) Canonical
weights of each species (black dots are the sampling stations). (D)
Clusters of fish based on CCA scores. For fish species and environ-
mental variable identifications, see Table 2 and Material and Methods.
4.2 Environment and fish community
In this research, we found fish community structures and
diversity were co-affected by limnological characteristics (lake
area, water depth), macrophyte coverage and some physico-
chemical parameters. Different fish species were related to dif-
ferent environmental parameters.
Grouped by CCA scores, three clusters of fish were iden-
tified as being highly related to different environmental vari-
ables. The first of these clusters was dominated by Hemibarbus
maculatus, Carassius auratus and Culter dabry. This group of
fish was positively related to TN, TP and chlorophyll a. Most
of these species are tolerant of environmental changes, pre-
senting high growth rates in the presence of high levels of al-
gae or in eutrophic lakes. As these tolerant species have a high
resistance to environmental stress, it is assumed that the rais-
ing of their population density could be used as an indicator to
reflect any worsening of environmental conditions (Karr 1981;
Fausch et al. 1984; Roth et al. 1996; Schleiger 2000).
The second group of fish was dominated by Squalidus
nitens, Squalidus argentatus, Abbottina rivularis and
Acheilognathus chankaensis, and was related to limnological
characteristics parameters (i.e. lake area and water depth)
High density (CPUE) of these fish would be found in shallow
habitats and large lakes. Furthermore, most of the species in
this cluster were common and widespread in the studied lakes.
The third group of fish species seems to be sensitive to
environmental changes (e.g. Rhodeus fangi). They were nega-
tively related to TN, TP and chlorophyll a, and positively re-
lated to transparency and macrophyte coverage. The cluster
can be subdivided into two groups (Fig. 5). One group is made
up of the most frequent species in the lakes, concentrated in
the central part of Figure 5, such as Toxabramis swinhonis and
Hemiculter leucisculus. This group is less sensitive to the en-
vironment compared with the other group of fish in this clus-
ter. The second group brings together sensitive species from
the lakes. Most of these species are only found in clear waters
with high macrophyte coverage. This group of fish, dominated
by Rhodeus fangi, Hypseleotris and Odontobutis obscurus, can
probably be used as indicators in these lakes.
All the lakes are exposed to the same species pool and
are relatively close to each other (Fig. 1), but the patterns
of fish community were found to be different among them.
Fish species richness, diversity and evenness were relatively
higher in vegetated lakes (i.e. Liangzihu Lake, Luhu Lake
and Niushanhu Lake) than in unvegetated lakes (i.e. Bian-
dantang Lake and Tangxunhu Lake). Based on our investiga-
tions, the environments of the lakes were shown to be signif-
icantly different. The relationships between the environment
and fish communities are valuable for lake management. Sev-
eral decades ago, all of the shallow lakes in the Yangtze basins
were highly covered by macrophytes (Xie and Chen 1999;
Fang et al. 2008). However, due to water pollution and inten-
sive fishery activities, some lakes are now found to be com-
pletely devoid of macrophytes (Xie and Chen 1999; Fang et al.
2008) We have shown that as the coverage of macrophytes de-
creases, the water conditions deteriorate (i.e. increasing TN,
TP and COD, decreasing transparency).
Some previous studies have shown a significant effect of
macrophytes on fish communities in Yangtze basin shallow
lakes. They found that this type of habitat along with struc-
tural complexity of macrophytes harboured high fish diversity
(Xie et al. 2002; Ye et al. 2006). In this study, the fish com-
munity was also linked to macrophytes. Our study confirmed
the following conclusions: 1) the water quality was better (i.e.
high transparency, low TN, TP and chlorophyll a) in vegetated
lakes than in unvegetated lakes; 2) vegetated lakes had higher
fish diversity than unvegetated lakes; 3) relative fish abundance
(CPUE) was significantly related to the macrophyte coverage.
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4.3 Management suggestions
We suggest that a good method for restoring water quality
would be to replant macrophytes in these lakes. The choice
of macrophyte species used for restoration should be based on
their biological characteristics. Species with a long life-span
(e.g. Vallisneria natans (Lour.) Hara and Hydrilla verticillata)
would be most suitable, while species that senesce and die at
the end of the summer, like Potamogeton crispus Linn. (which
widely distributed in Luhu Lake) should be introduced into
these lakes with caution.
It is worth mentioning that two non-native species (Cirrhi-
nus molitorella and Leiocassis longirostris) were found dur-
ing our samplings. Cirrhinus molitorella (only found in Luhu
Lake) had probably escaped from nearby fish ponds and does
not pose a serious problem as an invasive species at present
because it is a sub-tropical species that requires high water
temperatures to survive in winter. However, the ecological risk
of Leiocassis longirostris (escaped from cages in Niushanhu
Lake) is under estimated. We strongly suggest that more cau-
tion should be taken with the ecological security when intro-
ducing an alien species to lakes and nearby water bodies.
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ABSTRACT 
According to the each species’ CPUE in each sampling site from 6 lakes spatially 
distributed in the mid-reach of Yangtze River basin, 117 sampling sites were 
patterned using Self-organizing map (SOM). Fish communities were classified into 
three clusters of species assemblages, according to their spatial and 
temporal  distributions. Fish community seasonal changes were more obvious in 
vegetated habitats than unvegetated areas. The total CPUE, fish diversity and species 
richness were significantly different among the assemblages (non parametric 
Kruskall-Wallis test, p<0.01). Based on the indicative value of each species in each 
cluster calculated by indval method (in ‘labdsv’ package in R software), 16 species 
were identified as indicators: 13 indicators in cluster G1 are pelagic or benthopelagic 
fish, the only one indicator species in G2 is a tolerant species (Culter dabry B.), while 
the other two indicator species in G3 are demersal fish (Rhinogobius giurinus R. and 
Odontobutis obscurus T. & G.). These results are in agreement with the contributions 
of different ecological groups of fish in each assemblage in the trained SOM, pelagic 
and benthopelagic fish were found having more activities in spring and winter, while 
more activities of demersal fish were found in summer and autumn. Fish community 
assemblages, the total fish CPUE, diversity and species richness in those lakes were 
then predicted by 15 biotic and abiotic factors using random forest (RF) and 
classification and regression tree (CART) predictive models. The predicted 
assignment of each site unit to the correct assemblage had an average success of 
74.4% and 60.7% in RF and CART models, respectively. The dominant variables for 
discriminating three fish assemblages were water depth, distance to the bank and total 
phosphorus. While the two important variables in prediction fish CPUE, diversity and 
species richness were lake surface area and water depth, density of rotifer and water 
depth, water depth and water temperature, respectively. The overall percentages of 
successful prediction varied from 56.5% to 67% utilizing leave-one-out for 
cross-validation tests. 
Additional keywords: floodplain basin; Self-organizing map; CART; RF; indicator 
 
 
 
 
 
 
 
 
 
 
 
FINTRODUCTION 
In aquatic systems, the changes of species richness, relative abundance and species 
composition have been considered to reflect the loss of biodiversity or biotic integrity 
(Kessler, 1992; Karr, 1981; Roth et al., 1996; Schleiger, 2000), and fish assemblages 
have been recognized as reliable indicators in reflecting aquatic ecosystem health 
(Ibarra et al., 2003; Rashleigh, 2004). Classification of sampling sites according to 
fish species assemblages has been elaborated for many aquatic systems (Konan et al., 
2006; Park et al., 2006; Kruk et al., 2007; Lasne et al., 2007, He et al. 2010). It was 
found that the structure of fish assemblages depends on many biotic and abiotic 
factors, such as water depth, water temperature, lake altitude and location parameters 
(latitude and longitude) (Barbour & Brown, 1974; Amarasinghe & Welcomme, 2001; 
Zhao et al., 2006), dissolved oxygen and other physic-chemical parameters (Petry et 
al., 2003; Rahel, 1984; Teixeira-de Mello, 2009), and biotic factors, such as 
macrophytes, predators and food resources (Crowder & Cooper, 1979; Tonn & 
Magnuson, 1982; Savino & Stein, 1982, 1989; Tonn et al. 1992; Petry et al., 2003; 
Xie et al., 2002; Ye et al., 2006).  
Effectively modelling the composition of fish assemblages on the basis of biotic and 
abiotic environmental descriptors are considered important in ecology, and many 
methods have been utilised to produce these models (reviewed by Guisan & 
Zimmermann, 2000). The traditional predictive models have been focused 
predominately on individual species or a few important species (Caughley, 1994; 
Olden, 2006). However, it is increasingly recognized that biodiversity conservation 
cannot be met by focusing only on one or few species at a time, but requires 
entire-community approaches (Simberloff, 1998; Margules and Pressey, 2000; Olden, 
2006). Indeed, ecoregional scale of conservations are a pressing research priority in 
ecology (Soule and Orians, 2001), and the biological community is thought to be an 
appropriate unit of study. 
Among high biodiversity ecosystems, wetlands occupy only about 1% of the Earth’s 
surface, but provide habitat for about 20% of the world’s species (Dudgeon et al., 
2006; Dugan, 1993).  The Yangtze River basin is a special case. The Yangtze River, 
also called the Chang Jiang meaning ‘long river’, flows 6,300 km from Tibet 
Mountain to the East China Sea. It has more than 3000 tributaries and 4000 lakes 
(Zeng, 1990). 362 fish species were found in them (summarized by Fu et al. 2003). 
The river and its lakes are of high significance nationally, for its catchment covers 1/5 
of the land area in China, accounts for 40% of China's freshwater resources, more 
than 70% of fishery production, and 40% of the China’s GDP (Wang, 2007). 
However, human activities have profoundly degraded the ecosystem of lakes in the 
Yangtze basin, with consequences such as water quality degradation, threat to 
biodiversity, algae blooming (Xie & Chen 1999; Fang et al., 2008). According to their 
importance and values, the river and its lakes were listed in the Global Ecoregion 200 
by the World Wildlife Fund (WWF) for priority conservation.  
In this study, self-organizing map (SOM) was used to classify the fish assemblages in 
shallow lakes in the Yangtze River basin. Two prediction models (RF and CART 
model) were used for predicting fish assemblages, relative biomass (expressed by 
catch per unit effort), diversity (Shannon index) and species richness by 15 abiotic 
and biotic variables.  
Few studies of fish communities were found in this area. Xie et al.(2001) who 
compared small fish community differences with or without submersed macrophytes 
zones, found fish community in submersed macrophytes zones had significantly 
higher diversity, density and biomass of fish. Ye et al. (2007) who examined the 
spatial and seasonal variations of the community related two key environmental 
factors (complex of macrophytes and water depth). Both of them were conducted only 
in one lake each time (Xie et al., 2001 and Ye et al., 2006) in this area, and few 
environmental parameters were considered. The integrated study of fish communities 
in different lakes, and modeling the relationship between fish community and 
environments are absent. In this work, 6 lakes were considered all together to identify 
the importance of these predictive variables on the temporal and spatial distribution of 
fish assemblages in those lakes, with a conservation view to detect the relationship 
between fish and the habitat changes for a better understanding of the fish community 
ecology, especially those impacted by anthropogenic activities.  
MATERIAL AND METHODS 
1. Study area 
The studied lakes (Figure 1) are located in the central zone of the Yangtze River basin 
in China. This area belongs to north subtropical climate zone, the average annual 
temperature is 14 ~ 18 ℃, annual precipitation is 1000 ~ 1400 mm. It has a great 
number of lakes, the lake area is more than 2 million square kilometers, is well suited 
for comparative studies in aquatic ecology. Biotic and abiotic measurements and fish 
samples were taken from four to twelve locations at each lake depending on the total 
area of the lake and the habitat heterogeneity, especially the coverage of macrophytes. 
With the different coverage of macrophytes, Niushanhu Lake was divided into three 
parts (NS1, NS2 and NS3) in this study. NS1 is highly covered with macrophytes, 
NS2 has no macrophytes, and NS3 is in a canal and covered by macrophytes. In the 
other five lakes, Liangzihu Lake is highly covered by macrophytes; Luhu Lake (LUH) 
and Wuhu Lake (WUH) are also covered by macrophytes, but they only appear in 
spring and summer; Biandantang Lake (BDT) and Tangxunhu Lake (TXH) are devoid 
of macrophytes. All the lakes are suburban lakes except Tangxunhu Lake. Specific 
details of those lakes are shown in Cheng et al. (in press).  
 
Figure 1. Six sampling lakes and their locations. (A) Yangtze river and the six 
sampling lakes. (B) China, Yangtze River and location of the lakes shown in filled 
square. 
 
2. Data collections 
Fifteen environmental characteristics were considered in this research, 9 abiotic and 6 
biotic variables. Abiotic variables included water body area (AREA), water 
temperature (WT), water depth (WD), transparency measured by Secchi depth (TRA), 
and distance to the bank (DIS), total phosphorus (TP), total nitrogen (TN), 
chemical oxygen demand (COD) and dissolved oxygen (DO). Biotic variables were 
Chlorophyll a (CHI), coverage rate of submersed macrophytes (CRM) per square 
meter, density of protozoa (Dpro), Density of rotifer (Drot), density of  cladocera 
(Dcla) and Density of  copepods (Dcop). The details of biotic and abiotic variables 
were shown in the table 1. 
Table 1. Nine abiotic and six biotic variables used to predict fish community in 
shallow lakes in the Yangtze River basin. 
Type Variables Abbr. Range 
Abiotic factors Lake Area (km2) Area 3.5-285 
 Water Temperature ( ℃) WT 15.7-32 
 Water depth (m) WD 0.99-3.4 
 Transparency(cm) TRA 0.25-320 
 pH(mg/l) PH 7.26-9.14 
 Total phosphorus (mg/l） TP 0.14-0.44 
 Total nitrogen (mg/l) TN 0.00-0.26 
 Chemical oxygen demand (mg/l) COD 0.08-4.81 
 Dissolved oxygen (mg/l） DO 6.2-16.1 
Biotic factors Chlorophyll a (ug/l) CHI 0.00-200.8 
 Coverage of Macrophytes(%) CRM 0-100 
 Density of  Protozoa (mg L-1) Dpro 0-2342600 
 Density of  Rotifer (mg L-1) Drot 60-8150 
 Density of  Cladocera (mg L-1) Dcla 0-5.95 
 Density of  Copepods (mg L-1) Dcop 0-24.35 
 
One multimesh gill-net and one trap-net were set together at each site in order to 
sample fish. The multimesh gill-net method followed Appelberg’s (2000). The nets 
were set in the water at 6:00~7:00 p.m. and were hauled back at 6:00~7:00 a.m. the 
following day. Fish collected were immediately identified to the species level, 
counted, weighed to the nearest gram, measured total length (to the nearest mm). The 
relative abundance of each species at each sampling was expressed in terms of 
catch-per-unit effort (this means the number of individuals per fishing pass). Fish 
sampling and environmental variables measurement were conducted in the same 
period.  
3. Statistical analysis 
3.1 Fish community patterns classification and prediction 
Self-organizing map (SOM) was applied for sampling sites classification according to 
the species’ CPUEs. The SOM algorithm, a non-supervised neural networks method, 
performs the same task as traditional ordination techniques, such as Principal 
Component Analysis (PCA) or Correspondence Analysis (CoA). With the virtue of 
tackling non-linear relationships and heterogeneous data sets, SOM had been applied 
in various ecological studies, for instance to patternize communities (Chon et al., 
1996; Park et al., 2001; Giraudel ＆  Lek, 2003; He et al., 2010), to model 
microsatellite data (Giraudel et al., 2000), in the assessment of water quality (Walley 
et al., 2000) and for conservation strategies of endemic species (Park et al., 2003). 
The operating principle of data sets and advantages of SOM can easy found in many 
ecological papers (Giraudel ＆ Lek, 2003; Brosse et al., 2001).  
The dataset of fish species’ CPUEs in each sampling site was used as pattern variables, 
all the biotic and abiotic factors were used as environmental variables to show their 
contribution in the patterning SOM map. The output layer of the SOM in the present 
study consists of 20 neurons (virtual units) arranged into a 5*4 hexagonal lattice to 
provide better visualization. All these analyses were done in the Matlab environment 
(The Mathworks, 2001) using the SOM toolbox (Alhoniemi et al., 2000). After being 
mapped in the SOM, the hierachical clustering was applied to find the similarity 
between SOM cells, and then classify them into different clusters. In order to assess 
the effectiveness of the hierarchical clustering, the cophenetic correlation coefficient 
(Sneath and Sokal, 1973) was calculated using R software (R Development Core 
Team, 2009).  
3.2 Key species in each assemblage 
Key species in each assemblage were detected by two methods: the IndVal and the 
codebook of SOM. IndVal was used to find out the indicators in each assemblage, and 
the codebook showed the contributions of each species in each assemblage in SOM.  
3.2.1 Indicator species 
Indicators species, which were defined as the most characteristic species of each 
assemblage, were identified using IndVal method in ‘labdsv’ package in R software 
(Roberts, 2010). They were found mostly in a single group of the typology and 
present in the majority of the sites belonging to that group, for summarizing the 
assemblage patterns (Dufrêne and Legendre, 1997). The indicator value ‘d’ of species 
as the product of the relative frequency and relative average abundance in clusters was 
caculated by the following formula: 
f_{i,c} = {\sum_{j \in c} p_{i,j} \over n_c} 
a_{i,c} = {(\sum_{j \in c} x_{i,j}) / n_c \over \sum_{k=1}^K ((\sum_{j \in k} x_{i,j}) / 
n_k)} 
d_{i,c} = f_{i,c} \times a_{i,c} 
where: 
p_{i,j} = presence/absence (1/0) of species i in sample j;  
x_{i,j} = abundance of species i in sample j;  
n_c = number of samples in cluster c; 
for cluster c in set K.  
Indicator value analysis was proposed by Dufrene and Legendre (1997) as a possible 
stopping rule for clustering, but has been used by ecologists for a variety of analyses 
(Roberts, 2009). A fish species was considered to be representative of a cluster in which 
it had the highest indicator value. But only the species whose indicator value was 
significantly different (P<0.05) from the values in other clusters was classified to be the 
indicator in this cluster.  
3.2.2 The contribution of each species  
During the learning process of the SOM, units that topographically close in the array 
will activate each other to learn something from the same input vector. The weight 
vectors tend to approximate the probability density function of the input vector. 
Therefore, the visualization of these vectors is convenient to understand the 
contribution of each input variable to the clusters on the trained SOM (Kohonen, 2001, 
Park et al. 2003). To analyze the contribution of species to cluster structures of the 
trained SOM, the value of each species in each cluster calculated during the training 
process was visualized by boxplot.  
3.3 Prediction models 
The predictive models were built using a classification and regression tree (CART) 
and random forest (RF) to predict fish community assemblages. At each site unit, 9 
abiotic and 6 biotic variables were recorded as predictors, and fish community 
assemblages, the total fish CPUE, fish diversity and species richness were considered 
as four response variables (one grouped variable and 3 quantitative variables). Fish 
CPUE was defined as individuals per net which was set in water about 12 hours 
(ind/net*12h), and diversity was expressed by Shannon index. CPUE was log 
(CPUE+1) transformed before being used in models as its distribution was far from 
the normality distribution.  
The response variables were predicted by the 15 predictor variables using two 
predictive models (RF and CART). CART analysis consists of four basic steps: tree 
building (a classification or a regression tree), stopping the tree building process, tree 
“pruning” and optimal tree selection. During tree building, the initial node on a tree is 
called the root. From the root, the model is fitted using binary recursive partitioning. 
This means the data are successively broken into left and right branches with the 
splitting rules defined by the predictor variable values. Splitting continues down to the 
terminal nodes until the response values are all the same within a node or data are too 
sparse for additional splitting. At the terminal node, the predicted response is given 
that is the average or majority of the response values in that node for continuous or 
discrete variables, respectively. 
RF model implements Breiman’s random forest algorithm in which prediction is 
obtained by aggregating classification (when the response variable is qualitative) or 
regression trees (the response variable is quantitative) (Breiman, 2001). Each tree is 
constructed using a different bootstrap sample of the data, and each node is split using 
the best split among a subset of predictors randomly chosen at that node (Liaw and 
Wiener, 2002). The Gini index (Breiman et al., 1984) is used as the splitting criterion. 
At every split, one of the variables is used to form the split and there is a resulting 
decrease in the Gini index. The sum of all decreases in the forest due to a given 
variable, normalized by the number of trees, forms the Gini measure (Breiman, 2003). 
In our study, the importance of the variables was also estimated by the Gini criterion, 
which may be more appropriate for a small sample size (Archer and Kimes, 2008). 
The Gini importance measures can be interpreted as a variable’s degree of 
discriminability between the classes (Oh et al., 2003). The largest tree possible is 
grown and is not pruned. The details of random forest are clearly presented by Liaw 
and Wiener (2002). 
The leave-one-out (LOO) procedure was used for testing the two prediction capacity 
of both models. LOO is commonly used for cross-validation in the field of machine 
learning. It consists of randomly removing one element from the training data, 
constructing the decision rule on the basis of the remaining training data and then 
testing on the removed element. All the removed elements made up the testing data 
set, and the quality of the model is entirely based on the performance in the testing 
set.  
All the predicting, modeling, buildings and analysis were done with the R software (R 
Development Core Team, 2009) using “randomForest” package (Breiman, 2001) and 
“rpart” package (Therneau & Atkinson, 2010). 
RESULTS 
1. Fish assemblages classification and diversity patterns 
Fish community was classified as three assemblages by SOM (Figure 2a), spatial and 
temporal distributions were shown in it. For spatial distributions, fish community in 
vegetated habitat was classified in assemblage G1 and G3; fish community in 
unvegetated habitat was assembled in G2. Fish community seasonal changes were 
only revealed in vegetated habitats: G1 mainly represented fish communities in winter 
and spring, while G3 mainly represented fish communities in summer and autumn. 
Assemblage G1 had significantly higher biomass, diversity and species richness than 
the G2 and G3 (Figure 3, Kruskall-Wallis test, p<0.01). The pairwise comparison did 
not show a significant difference between G2 and G3 for any of the 3 parameters 
(Mann-Whitney test, p>0.05). 
 Figure 2. Patterns of Fish assemblages in studied lakes using the SOM model. (A) 
Distribution of the sampled sites on the trained SOM according to their similarity. 
Each code represents each site indicated in Material and Methods. (B) Clusters of 
sites according to the results of the hierarchical clustering of the SOM cells using 
Ward method. Indicator species in each cluster were determined using IndVal method. 
Indicative values (%) of each species at each cluster are given in table 1. For fish 
species identifications refer to table 1. 
 
Figure 3. Distribution of diversity of fish community among different clusters，
box-plot of species richness (transformed in log (SR)), fish catch per unit effort 
(transformed in log (CPUE)) and Shannon index.  
 
In order to find the important species in each assemblage, IndVal method and the 
SOM codebook were used. A total of 16 indicator species were identified by 
comparing the indicative values of each species in each assemblage (Table 2), while 
13 species were distributed in G1, 1 species in G2 and 2 species in G3 (Figure 2(B)). 
The contribution of each species in each assemblage in SOM was shown in the 
box-plot (Figure 4). Most of the fish species had low contribution values, and the 
high-contribution species varied among the three assemblages, although three species 
(Hemiculter leucisculus B., Rhinogobius giurinus R. and Squalidus nitens G.) were 
found to have high contribution values in all them. Most indicative species had a 
relative higher contribution in their presented assemblages than in others in SOM 
codebook (Figure 4). Considering fish habitat preference, most of indicator species 
found in G1 were pelagic or benthopelagic, and all of them had higher contribution 
values in this assemblage in SOM codebook (e.g. Hemiculter leucisculus B. and 
Pseudorasbora parva T.). There were many similar species of high contribution 
values in SOM codebook in G2 and G3 compared to G1 (e.g. Rhinogobius giurinus R., 
Rhodeus fangi M. and Odontobutis obscurus T. & G.), and all of them were demersal 
fish. Rhinogobius giurinus R. and Odontobutis obscurus T. & G. were defined as 
indicators in G3, but Rhodeus fangi M. failed to become an indicator in any 
assemblage. The only indicator species in G2 was Culter dabry B., which was found 
to have a higher proportion in a high-polluted urban lake than in a macrophytes 
suburban lake (Ye, 2007).  
 Figure 4. Box-plots showing the contributions of each fish species to the cluster 
structures in SOM (G1 to G3). The filled boxes show the indicative species in each 
fish assemblage from IndVal method. For fish species identifications refer to table 1. 
 
Table 2. Indicative values of each species in three groups (grouped  by SOM), P 
value presents the probability of obtaining as high an indicator values as observed 
over the specified iterations (* p< 0.05). 
Fish name  Code G1  G2  G3 
P 
value
Acheilognathus chankaensis Dybowsky  Acha 0.4268 0.0161  0.0007  0.001 *
Abbottina rivularis (Basilewsky)  Ariv  0.6702 0.0120  0.0113  0.001 *
Carassius auratus (Linnaeus)  Caur 0.5431 0.0830  0.0391  0.001 *
Distoechodon hupeinensis  Dhup 0.4786 0.0485  0.0000  0.001 *
Panacheilognathus imberbis (GÜnther)  Pimb 0.7133 0.0011  0.0092  0.001 *
Pseudorasbora parva (Temmnick et 
Schlegel)  Ppar 0.7088 0.0150  0.0242  0.001 *
  Rhodeus ocellatus (Kner)  Roce 0.6864 0.0062  0.0076  0.001 *
Squalidus nitens (Günther)  Snit  0.6162 0.0242  0.1180  0.001 *
Hemiculter leucisculus (Basilewsky)  Hleu 0.5380 0.3507  0.0501  0.002 *
Squalidus argentatus (Sauvage et Dabry)  Sarg 0.3691 0.0167  0.0832  0.002 *
Sarcocheilichthys nigripinnis (Günther)  Snig  0.3158 0.0413  0.0367  0.002 *
Hyporhamphus intermedius Cantor  Hint  0.2627 0.0590  0.0081  0.004 *
Culterichthys erythropterus Basilewsky  Cery 0.5183 0.0320  0.0039  0.011 *
Toxabramis swinhonis Günther  Tswi 0.4404 0.3386  0.0386  0.065  
Xenocypris davidi Bleeker  Xdav 0.0398 0.0260  0.0000  0.54  
Paracanthobrama guichenoti Bleeker  Pgui  0.0199 0.0130  0.0000  0.697  
Acheilognathus macropterus (Bleeker)  Amac 0.0275 0.0235  0.0042  0.85  
Culter dabry Bleeker    Cdab 0.0077 0.3019  0.0025  0.001 *
Hemibarbus maculatus Bleeker  Hmac 0.0000 0.0893  0.0000  0.061  
Cirrhinus molitorella ( Cuvier et  Cmol 0.0000 0.0893  0.0000  0.094  
Valenciennes )   
Culter alburnus Basilewsky  Calb 0.0190 0.0621  0.0000  0.237  
  Siniperca chuatsi (Basilewsky)  Schu 0.0000 0.0536  0.0000  0.237  
Pelteobagrus fulvidraco (Richardson)  Pful  0.0515 0.0945  0.0000  0.243  
Cyprinus carpio Linnaeus  Ccar 0.0286 0.0831  0.0039  0.275  
Pseudobrama simoni (Bleeker)  Psim 0.0000 0.0357  0.0000  0.372  
Hemiculter bleekeri Warpachowsky  Hble 0.0483 0.0657  0.0000  0.445  
Neosalanx taihuensis Chen  Ntai  0.0031 0.0727  0.0299  0.474  
Aristichthy nobilis (Richardson)  Anob 0.0356 0.0554  0.0000  0.5  
Culter mongolicus (Basilewsky)  Cmon 0.0335 0.0716  0.0066  0.706  
Hypophthalmichthys molitrix  Hmol 0.0115 0.0338  0.0000  0.725  
Megalobrama amblycephala Yih  Mamb 0.0000 0.0179  0.0000  1  
Rhinogobius giurinus (Rutter)  Rgiu 0.3106 0.0435  0.5229  0.001 *
Odontobutis obscurus Temminck et Schlegel Oobs 0.0249 0.0009  0.1179  0.041 *
Hypseleotris swinhonis (Günther)  Hswi 0.2099 0.0114  0.2798  0.06  
Mastacembelus sinensis Bleeker  Msin 0.0327 0.0040  0.0995  0.128  
Rhodeus fangi (Miao)  Rfan 0.0231 0.0337  0.1505  0.134  
Elopichthys bambusa (Richardson)  Ebam 0.0000 0.0000  0.0345  0.25  
Misgurnus anguillicaudatus (Cantor)  Mang 0.0262 0.0021  0.0319  0.724  
 
2. Prediction of fish assemblages and diversity  
2.1 Prediction fish assemblages 
By using 15 environmental variables, the predicted assignment of each site unit to the 
correct assemblage had an average success of 74.4% and 60.7% from RF and CART 
models, respectively. Table 3 shows details of the prediction success of each 
assemblage by both models. RF performed well in prediction for all the three clusters 
(75%, 80.4% and 62.1%, respectively); while CART had a low value in predicting 
cluster G3 (34.5%), compared to the prediction success of the other two clusters (75% 
and 66.1%). 
In the RF model, water depth was the dominant variable for discriminating three fish 
assemblages, distance to the bank and total phosphorus were of secondary importance 
(Figure 5A). In the CART model, water depth, lake area, coverage of macrophytes, 
transparency and total phosphorus were the dominant variables (Figure 6A). 
Table 3. Confusing matrix showing the leave-one-out cross validation of the RF 
model and CART model by using 15 biotic and abiotic factors (the values in 
parentheses are from CART model). The overall percentage of successful prediction 
is 74.4% and 60.7%, respectively. 
Observed/Predicted G1  G2  G3  Success% 
G1  24(24) 5(12) 1(9)  75.0(75.0) 
G2  7(8)  45(37) 10(10) 80.4(66.1) 
G3  1(0)  6(7)  18(10) 62.1(34.5) 
 
2.2 Prediction of fish CPUE , diversity and species richness 
In order to reflect a exhaustive view of the relationships between the environment and 
the fish community in studied lakes, total fish CPUE, diversity and species richness as 
three response variables were also predicted by the same set of environmental data 
using RF and CART.  58.6% ~ 67% of the total variance can be explained by the RF, 
while 56.5% ~ 63.9% of the total variance can be explained by the CART.  
 
Figure 5. Contribution of biotic and abiotic variables to predict fish community 
pattern and richness in studying lakes using the RF model. Biotic and abiotic variable 
identifications refer to Material and Methods. (A) Predicting fish assemblages. (B) 
Predicting relative abundance. (C) Predicting Shannon index. (D) Predicting species 
richness. The overall percentage of successful prediction is 74.4%, 67.0%, 58.6% and 
61.89%, respectively. 
 
Figure 6 shows that water depth was the main limiting factor in determining fish 
community in the studied lakes; a shallow habitat bred more fish species and had a 
higher fish diversity. It also explained the importance of the factor ‘distance to the 
bank’ in predicting fish community, for shallow habitats were always close to the 
bank. The fish community had obvious seasonal changes explained by the importance 
of water temperature; more fish species were found below a temperature of 23.75 . ℃
Total phosphorus was the most important chemical factor in the prediction of fish 
community. Higher fish diversity can be found in the environment with a higher value 
of TP. Chlorophyll a was the most important biotic factor shown in the prediction 
results, and high values would restrict many fish species’ distributions. Although the 
above factors are important in determining fish community, the effectiveness of the 
two prediction models and the dominant variables are varied when predicting each 
response variable. 
Figure 6. CART model predicting fish community pattern and richness in studied 
lakes. Biotic and abiotic variable identifications refer to Material and Methods. (A) 
Predicting fish assemblages. (B) Predicting relative abundance. (C) Predicting 
Shannon index. (D) Predicting species richness. The overall percentage of successful 
prediction is 60.7%, 63.9%, 59.3% and 56.5%, respectively. 
 
Considering all the 15 environmental parameters, 67% and 63.9% of the total variance 
in fish CPUE could be explained by the RF and CART models, respectively. Water 
area was the dominant variable in determining fish CPUE both in the RF and CART 
models (Figures 5B and 6B), and total phosphorus also showed importance in the two 
models. The other secondary importance variables included water depth and 
Chlorophyll a in the RF model (Figure 5B) and the distance to the bank and density of 
copepods in the CART model (Figure 6B).  
58.6% and 59.3% of the variance of fish diversity could be explained by the RF and 
CART models, respectively. Density of rotifer, water temperature and water depth 
were the important variables in determining fish diversity in the two models (Figures 
5C and 6C). While the most important variables are density of rotifer and water 
temperature in the RF and CART model, respectively.  
In prediction of species richness, 61.89% and 56.5% of the variance could be 
explained by the RF and CART models, respectively. Water depth and water 
temperature were found to be the most important factors. They are the most important 
predictors in both of the two prediction models (Figures 5D and 6D). The other 
important factors related to species richness are distance to the bank in the RF model 
(Figure 5D) and Chlorophyll a in the CART model (Figure 6D). 
DISCUSSION 
In this study, fish community in the studied lakes was classified into three groups 
according to the relative importance of each fish species. G1 can mainly represent fish 
community in macrophytes lakes in winter and spring, while G3 summarized this in 
summer and autumn. G2 characterized the fish assemblage in unvegetated habitats. 
Fish CPUE, species diversity and richness were found to be higher in G1 than other 
assemblages. The dominant predictive variables were predicted by RF and CART 
models. 
1.  The effectiveness of assemblage classification and prediction 
The prediction approach at the community scale is a wide-used method in 
conservation ecology (Joy & Death, 2004; Olden et al., 2006), which overcomes the 
disadvantages of the traditional species-specific focus (Joy & Death, 2004 and Olden 
et al., 2006). In this study, considering the heterogeneity of habitat, the fish 
community was predicted by the “classification-then-prediction” approach in the 
studied lakes. There are some negative debates about the effect of this method (Olden 
et al., 2006). The main problems of this approach were that the assemblage types have 
often been difficult to identify (Angermeier & Winston, 1999) and predict (Heino et 
al., 2003), for the traditional methods were mostly based on linear concept. The new 
technique (SOM) offers a promising alternative to traditional statistical approaches for 
patterning fish assemblages when non-linear patterns exist, and many studies have 
conceded that it has advantages over traditional pattern methods (Giraudel ＆ Lek, 
2003; Brosse et al., 2001). We adopted this method for fish assemblage classification, 
and the hierarchical clustering of different cells was robust (the cophenetic correlation 
coefficient r=0.67). Moreover, the fish CPUE, diversity and species richness were 
found to be significantly different among clusters using Kruskall-Wallis test (p<0.01).  
The CART modeling method is a widely-used and classic modeling tool (Breiman et 
al., 1984; De'ath and Fabricius, 2000; Razi and Athappilly, 2005; He et al., 2010), 
which has been frequently used in ecology since it was proposed by Breiman (1984). 
While the Random forests (RF) is a relatively new and powerful statistical classifier 
that is well used in many fields, it has also received much attention in ecology 
recently (Prasad et al., 2006; Cutler et al., 2007; Peters et al., 2007; 
Perdiguero-Alonso et al., 2008; He et al., 2010). Many advantages are shown with 
this method compared to others: (1) very high classification accuracy; (2) a novel 
method of determining variable importance; (3) ability to model complex interactions 
among predictor variables; (4) flexibility to perform several types of statistical data 
analysis, including regression, classification, survival analysis, and unsupervised 
learning; and (5) an algorithm for imputing missing values (summarized by Cutler et 
al., 2007).  
Both prediction modeling methods (RF & CART) were used to predict fish 
assemblages and diversity in this study. The RF model was found performed better in 
predicting fish assemblages than CART as the overall percentages of successful 
prediction are higher using LOO cross-validation tests. 
2. Fish assemblages and key species 
The fish community was classified as three assemblages according to the SOM map. 
As mentioned before, fish community in vegetated habitats were classified into two 
clusters; while fish assemblages in unvegetated habitats were grouped together. This 
means that seasonal changes in fish community were more obvious in vegetated 
habitats than in unvegetated habitats. In vegetated habitats, the fish community was 
found to prefer the shallow habitat in spring and winter; while in summer and autumn, 
they tended to move to deeper areas. Fish community seasonal changes were mainly 
explained by water temperature followed by lake level (Fischer & Eckman, 1997). It 
is worth mentioning that fish assemblages in unvegetated habitats were more similar 
with fish communities in summer and autumn in vegetated habitats, for they were 
grouped together in higher-level grouping.  
In order to find out the key species in each assemblage, two methods (IndVal and 
SOM codebook) were used. Most of the results were consistent for indicative species 
in each assemblage always had high contribution values in that assemblage. However, 
both of them had advantages and disadvantages. For IndVal, it clearly showed the 
indicators, which were defined as having significantly different values in one 
assemblage compared with those in others. In this aspect, IndVal seems to perform 
better than the SOM codebook. The disadvantage of Indval was that it lost some 
information. For example, Toxabramis swinhonis G. was the second highest 
contribution species in G1 in codebook (Fugure 4). However, as defined the indicator in 
G3 in IndVal, it is hard to find out the importance of Toxabramis swinhonis G. for G1. 
Moreover, as Hemiculter leucisculus B., Rhinogobius giurinus R. and Squalidus nitens 
G. were found having high contribution values in all the three assemblages, they can be 
defined as common species in all the lakes. While Hemiculter leucisculus B. was an 
indicator in G1, Rhinogobius giurinus R. was an indicator in G3, and Squalidus nitens 
G.  was not an indicator in any assemblage. It would be more convincing to use the two 
methods together to find out the important species, for they can support each other and 
overcome the disadvantages. 
When considering the habitat preference of indicator species in each cluster, pelagic 
and benthopelagic fish were found to have higher activity in spring and winter, while 
a higher activity of demersal fish would be found in summer and autumn. The 
contributions of each fish species to the cluster structures in SOM also confirmed this 
opinion. The water temperature in different seasons must be a key factor to explaining 
this, for the water temperature varied among different water levels. Exactly how this 
works and any relationships with biological characteristics of different ecological 
groups of fish needs more research. 
3. The different dominant variables in determining fish assemblages, CPUE, 
diversity and species richness 
Three physical variables (water depth, distance to the bank and transparency), one 
chemical variable (total phosphorus) and two biotic variables (coverage of 
macrophytes and Chlorophyll a) were found to be important in predicting fish 
assemblages and diversity. It can be interpreted that fish communities in vegetated 
habitats (G1 amd G2) enjoyed high coverage of macrophytes, high transparency, low 
total phosphorus and low Chlorophyll a. With decreasing macrophytes, total 
phosphorus and Chlorophyll a increasing and transparency decreasing, fish 
assemblages tended to change from G1 and G3 to G2. 
Many studies revealed that total phosphorus and water transparency were important 
(or the most important) variables in influencing fish assemblage structures in shallow 
lakes (Brazner & Beals, 1997; Petry et al., 2003; Rahel, 1984; Teixeira-de Mello, 
2009). Total phosphorus was treated as one of the valid indicators in determining the 
trophic level of lakes. The water transparency, which can reflect water turbidity, has 
been implicated as a primary factor limiting macrophyte communities in the lakes 
(Phillips et al., 1978; Stuckey, 1989; Crowder & Painter, 1991, Harris et al., 1991; 
McAllister 1991; Brazner & Beals, 1997). As we know, macrophytes are important 
components of habitat complexity and heterogeneity in lakes, because they always 
dominate in marginal zones with high species packing and niche segregation (Tonn & 
Magnuson, 1982). Macrophytes can not only suppress algal growth (e.g. Gilinsky, 
1984; Diehl, 1992; Heino, 2000; SCHRIVER et al., 1995); but are also closely related 
to water chemistry, i.e. total phosphorus, etc. (Spence, 1967; Seddon, 1972; Kadono, 
1982; Heegaard et al., 2001; Takamura et al., 2003). So those variables were tightly 
related to each other and were the major factors determining fish assemblages in 
shallow lakes. 
The important variables in determining fish CPUE were similar with those variables 
in determining fish assemblages except the lake surface area, which was the most 
dominant in predicting fish CPUE. Lake area was one of the most important variables 
in determining fish community in lakes, whether detected on a broad spatial scale 
(Barbour & Brown, 1974; Amarasinghe & Welcomme, 2001; Zhao et al., 2006), or in 
the same region (Rahel, 1984; Petry et al., 2003; Teixeira-de Mello, 2009). Most of 
those studies used fish species composition to reflect fish community. Few studies 
have reported the relationship between fish CPUE and water body size. In this study, 
lake area was an important factor in predicting fish CPUE. High fish densities were 
found in large lakes with high total phosphorus and low water depth in the Yangtze 
River basin. 
Water temperature and density of rotifer were the most dominant variables in 
predicting fish diversity both in RF and CART model. This means that fish diversity 
showed seasonal changes in the study lakes. Fish diversity was higher when water 
temperature was less than 23.75ºC. When water temperature was more than 23.75 ºC, 
fish diversity was lower in areas with high density of rotifer. Water depth was also an 
important factor in predicting fish diversity, high fish diversity was found when the 
water depth was less than 2m. Two previous studies found that the structure of fish 
community always presented seasonal changes in lakes of this area (Xie et al., 2001; 
Ye et al., 2006), and different fish species dominated in different seasons (Xie et al., 
2001; Ye et al., 2006) according to their biological characteristics and food resources. 
Fish species richness was mainly affected by water depth, which showed spatial 
differences. Many studies found high fish species richness inshore zone of lakes 
(Crowder & Cooper, 1979; Tonn & Magnuson, 1982; Savino & Stein, 1982, 1989; 
Tonn et al. 1992; Petry et al., 2003). It predicted more fish species assembled together 
when water depth was less than 1.66m, water temperature was less than 23.75 ºC, and 
Chlorophyll a was less than 8.68 ug/l, which means more fish species assembled 
together in shallow and clear habitats in all seasons except summer. Shallow and clear 
habitats usually have a high coverage of macrophytes. As higher consumers in lakes, 
fish were found to be strongly connected with macrophytes, i.e. prey fish treated it as 
a shelter, for the roots, leaves and stems of macrophytes function as visual and 
physical barriers from predation, while pelagic habitats are less frequently used by 
them in the presence of predators (Seghers, 1974; Crowder & Cooper, 1979; Savino & 
Stein, 1982, 1989; Tonn et al. 1992). Previous studies of fish communities also 
confirmed that a larger number of fish species were found in zones with submersed 
macrophytes than those without (Xie et al., 2001 and Ye et al., 2006). 
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ABSTRACT 
70 lakes in the Yangtze River basins were classified into three clusters according to 
their fish species compositions using self-organizing map (SOM). It was mainly 
determined by altitude, longitude, annual precipitation and lake area to classify the 
three clusters identified by linear discriminant analysis (LDA). The environment of 
lakes between cluster 2 and 3 are more similar than that in cluster 1. Lakes of cluster 1 
spatially distributed in the upper reach of the Yangtze River basin with high altitude, 
the most contribution environmental factors were water depth, air temperature and 
day length for lakes of this cluster. Lakes of cluster 2 & 3 were mainly distributed in 
middle and lower reach of the Yangtze River basin, the significant difference between 
the two cluster lakes was lake area, which was significant higher in lakes of cluster 3. 
The most contribution environmental factor was air temperature for cluster 2 and 
water depth for cluster 3. The species richness for each lake ranged from 1 to 117, 
which was significantly different among the three clusters and between each two of 
them. The highest value of species richness was appeared in cluster 3, while, the 
highest value of beta diversity were detected in cluster 1 with the lowest value of 
species richness. the most important role in predicting the species richness was air 
temperature by the MLP-BP prediction model.  
Key words: Self-organizing map; beta diversity; MLP-BP model; LDA. 
INTRODUCTION 
Spatial pattern is a common and popular term in ecology (Legendre and Fortin 1989; 
Dale 2000; Bradbury and Snelgrove 2001; Bateman, Gresswell et al. 2005), Mark R. 
T. Dale (2000) mentioned ‘the natural world is a patchy place’, and ‘when the 
patchiness has a certain amount of predictability so that it can be described 
quantitatively, we call it spatial pattern’. Although the definition is not so difficult, it 
always troubled ecologists to collect integral abiotic and biotic data, and then, chose 
effective predictive models to describe and understand a specific pattern. Fish 
community, as an important composition in aquatic systems, was essential to 
understand the spatial patterns in aquatic ecosystems. Many researches were carried 
out to detect the important factors to structure fish community in different scales 
(Legendre and Fortin 1989; Humphries, King et al. 1999; Jeppesen, Peder Jensen et al. 
2000; Taylor and Warren Jr 2001; Amarasinghe and Welcomme 2002; Leathwick, 
Elith et al. 2006), while there are always some limitations in such kind of studies, 
which can be summarized as: lack of large ranges of environmental variables at local 
scales (Tonn and Magnuson 1982; Rahel 1984; Petry, Bayley et al. 2003), hard to find 
large dataset of fish composition, instead using species richness, at large scales 
(Oberdorff, Guégan et al. 1995; Amarasinghe and Welcomme 2002; Leathwick, Elith 
et al. 2006; Zhao, Fang et al. 2006), or difficult to model the non-linear relationships 
between biotic and abitic factors (Tonn and Magnuson 1982; Amarasinghe and 
Welcomme 2002; Zhao, Fang et al. 2006). 
Lakes, as natural biogeographical islands, had been confirmed as ideal objects to 
study fish spatial patterns(Tonn and Magnuson 1982; Jeppesen, Peder Jensen et al. 
2000; Amarasinghe and Welcomme 2002; Petry, Bayley et al. 2003; Zhao, Fang et al. 
2006). The lakes in the Yangtze River basin have unique advantages to carry out such 
kind of studies, for they possess large ranges of environmental variables and plenty of 
fish species. The Yangtze River flows through a diverse array of ecosystems: it 
originates in a glacier from a Tibetan Mountain ‘Geladandong’ , the headwaters of it 
are situated at an elevation of about 4,900 m; then it runs eastward through Qinghai, 
turning southward down a deep valley at the border of Sichuan and Tibet to reach 
Yunnan (located in the Northern Subtropics), its elevation drops to less than 1000 m; 
In its descent to sea level, the river falls to an altitude of 305 m at Yibin, Sichuan 
Province, and passes through the spectacular Yangtze Gorges; The river then runs 
through Jiangxi, Anhui and Jiangsu provinces, and finally reaches the East China Sea 
at Shanghai. Moreover, after several tens of year’s studies in those lakes, 
environmental variables and fish composition data can be found in plenty of 
publications.  
Our aim in the present study was to analyse factors structure fish species richness 
patterns of fish assemblages in lakes in the Yangtze River basin, based on 
environmental variations. Two objectives are thus presented here: 1) to describe the 
similarities of fish community in those lakes, and are there discrete clusters of lakes 
based on there fish species compositions; 2) to test hypotheses of possible links 
between fish community changes and environmental changes.  
MATERIALS AND METHODS  
1. Data collection 
70 lakes among the Yangtze River basin were chosen in this study, with a latitudinal 
range of 23°25′~ 34°23′N and longitudinal range of 88°77′~ 121°34′E 
(Table 1). Fish compositions in those lakes were used for pattern analyses, which 
were collected from publications (most in Chinese). As invasions of non-native 
species were common in some lakes in China (i.e. lakes in Yunnan province), we used 
the data of primary studies in those lakes, and referred to other reports. In order to 
avoid synonyms, firstly, we searched as much as possible published literature to 
broaden and adjust the data by comparing fish composition in each lake; secondly, 
comprehensive account of Latin name, English name, Chinese name and local name 
of each species; thirdly, we referred to the monographs of fish species in China () to 
check the spatial distribution of each species.  
To explore the factors structuring fish patterns, lake location (latitude, longtitude), 
three limnological characteristics (AREA: lake area, WD: mean water depth and ALT: 
lake altitude), and three climatic variables (DL: mean annual day length, AT: mean 
annual temperature and PREC: annual precipitation) were considered in this study. 
Those data also collected from published literature, we adopted the environmental 
data which measured in the same period of fish composition data. 
2.  Data analysis 
2.1 lake classification 
Self-organizing map (SOM) was applied for lake classification according to fish 
composition in each lake. The SOM algorithm, a non-supervised neural networks 
method, performs the same task as traditional ordination techniques with the virtue of 
tackling non-linear relationships and heterogeneous data sets. This method is 
recommended for use in an exploratory approach for datasets in which unexpected 
structures might be found. SOM was proposed by Kohonen in the early eighties 
(Kohonen 1982), had been applied in various ecological studies, for instance to 
patternize communities (Chon, Park et al. 1996; Giraudel and Lek 2001; Park, Kwak 
et al. 2001; PARK, Chang et al. 2003; Cheng, Lek et al. 2010; He, Wang et al. 2010), 
to model microsatellite data (Giraudel, Aurelle et al. 2000), in the assessment of water 
quality (Walley, Fontama et al. 2000) and for conservation strategies of endemic 
species (PARK, Chang et al. 2003). The operating principle of data sets and 
advantages of SOM can easy found in many ecological papers (Brosse, Giraudel et al. 
2001; Giraudel and Lek 2003).  
The dataset of fish composition in each lake was used as pattern variables, all the 
environmental parameters were used as environmental variables to show their 
contribution in the patterning SOM map. The output layer of the SOM in the present 
study consists of 42 neurons (virtual units) arranged into a 6*7 hexagonal lattice to 
provide better visualization. All these analyses were done in the Matlab environment 
(The Mathworks, 2001) using the SOM toolbox (Alhoniemi, Himberg et al. 2000). 
After being mapped in the SOM, the hierachical clustering was applied to find the 
similarity between SOM cells, and then classify them into different clusters.  
2.2 Correspondence between clusters and environment  
Linear discriminant analysis (LDA), also called Fisher's linear discriminant, is 
multivariate methods, commonly applied to identify the cluster-environment 
relationships in ecological studies (Thioulouse, Chessel et al. 1997; Culhane, Perrière 
et al. 2003). In the present study, The LDA was conducted to determine which 
environmental variables discriminate between the clusters previously defined by the 
SOM procedure using the ‘ade4’ package (Thioulouse, Chessel et al. 1997). A random 
Monte Carlo test with 1000 permutations was used to reveal the significance of 
environmental variables among clusters. The Kruskall-Wallis test was then carried out 
to reveal the difference of land cover variables among clusters, and then multiple 
comparison tests were also conducted in the R software using ‘pgirmess’ package. 
The logic of principal component analysis was applied in LDA methods because the 
environmental factors related to the distribution of species were supposed to be 
limiting (Dolédec and Chessel 1994).  
2.3 Beta diversity comparison among clusters 
Beta diversity (β-diversity) is a measure of biodiversity which works by comparing 
the species diversity between ecosystems or along environmental gradients. This 
involves comparing the number of taxa that are unique to each of the ecosystems.  
Multivariate homogeneity of group dispersions (variances) is a multivariate analogue 
of Levene's test for homogeneity of variances. Non-euclidean distances between 
objects and group centroids are handled by reducing the original distances to principal 
coordinates. This procedure has latterly been used as a means of assessing β-diversity. 
We compared β-diversity among the three clusters to show the variations of fish 
composition within each cluster. 
2.4 Prediction lake clusters and species richness 
Lake clusters and species richness were then predicted by multilayer perceptron 
trained with a backpropagation algorithm (MLP-BP). MLP-BP is also called 
multiplayer feed-forward neural networks, is very popular and used for a wide variety 
of problems more than other types of neural networks. It is based on the supervised 
procedure, and is capable to model complex relationships between variables. MLP is a 
layered feed-forward neural network, had input layer, hidden layer and output layer. 
Neurons from one layer are connected to all neurons in the adjacent layer, but no 
lateral connection between neurons within one layer, or feedback connection is 
possible. MLP can correct the weights when the network gives the wrong answer, thus 
future responses of the network are more likely to be correct. The number of input and 
output neurons depends on the number of explanatory and explained variables, 
respectively. The hidden layer of this study consists of 20 neurons, and 500 iterations 
were carried out. The backward-propagating (BP) calculates error values and changes 
the incoming weights, starting with the output layer and moving backward through the 
successive layers.  
Environmental descriptors were summarized in Table 3-7. Most of the 
environmental parameters had a large range of values in studied lakes. For example, 
the altitude varied from nearly the sea level (2.5m) to 4847m. Fish species richness 
was varied from 1 to 117, fish compositions appeared different patterns in different 
ecoregions, few and endemic species appeared in the lakes located in the upper-reach 
of the Yangtze River basin. While, high values of species richness appeared in those 
lakes located in the middle and lower reach of the Yangtze River basin. 
The relationships between species richness and environmental parameters and the 
relationships between each two environmental parameters were shown in the figure 
3-9. Most of the relationships appeared non-linear, for exampling, species richness 
increasing with increasing of latitude and mean annual day length at the beginning but 
decreasing after. While, generally speaking, species richness increasing with 
increasing of longitude, lake area, mean annual temperature, annual precipitation and 
decreasing of attitude. 
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Figure 3-9. Relationships between species richness and environmental parameters and 
the relationships between each two environmental parameters 
Table 3-7 Summary of fish richness, limnological characteristics, and climatic variables used in the study (n = 70). 
  Code Max Min Mean SD 
Species       
 Number of species SR 117.00 1.00 38.86 32.25 
Location       
 Mean Latitude (°) Lat 34.23 23.25 29.39 2.67 
 Mean Longtitude  (°) Long 121.34 88.77 109.48 8.78 
Limnological characteristics      
 Lake altitude (m) ATIT 4847.00 2.50 1091.44 1428.40 
 Lake area (km2) AREA 3150.00 0.04 278.35 634.36 
 Mean depth (m) WD 90.00 0.65 10.21 16.19 
 Water temperature (°C) WT 22.70 6.38 16.45 2.93 
 Total nitrogen (mg/l) TN 5.05 0.01 1.25 1.04 
 Total phosphorus (mg/l) TP 0.50 0.00 0.09 0.11 
 Mineralization degree (g/l) MINE 117000.00 47.63 4169.95 19876.29
Climatic variables       
 Mean annual day length (h) DL 3003.00 1211.20 2015.67 278.21 
 Mean annual temperature (°C) AT 18.70 -6.00 13.80 5.05 
 Annual precipitation (mm) PREC 2051.80 175.00 1042.84 365.14 
Lakes were classified into three clusters according to their fish species 
compositions by SOM (Figure 3-10). The environmental parameters were shown 
significant differences. For instance, significant differences were detected in longitude, 
lake altitude, mean depth, mean annual day length and annual precipitation between 
cluster 1 and cluster 2 & 3, lake area was found significant difference between cluster 
3 and cluster1 & 2. While, no significant difference in latitude, total nitrogen, total 
phosphorus and mean annual temperature were found among the three clusters (Figure 
3-11 & 3-12, Table 3-8).   
Table 3-8. Multiple comparison tests of species richness and environmental variables 
among the three clusters 
  Cluster Cluster 1 Custer 2 
 Number of species TURE TURE TURE 
Location     
 Mean Latitude (°) FALSE FALSE FALSE 
 Mean Longtitude  (°) TURE TURE FALSE 
Limnological characteristics    
 Lake altitude (m) TURE TURE FALSE 
 Lake area (km2) FALSE TURE TURE 
 Mean depth (m) TURE TURE FALSE 
 Water temperature (°C) TURE FALSE FALSE 
 Total nitrogen (mg/l) FALSE FALSE FALSE 
 Total phosphorus (mg/l) FALSE FALSE FALSE 
 Mineralization degree (g/l) FALSE TURE FALSE 
Climatic variables     
 Mean annual day length (h) FALSE FALSE FALSE 
 Mean annual temperature (°C) TURE TURE FALSE 
 Annual precipitation (mm) TURE TURE FALSE 
 
 Figure 3-10. Patterns of Fish assemblages in studied lakes using the SOM model. (A) 
Distribution of the lakes on the trained SOM according to their similarity. (B) Clusters 
of lakes according to the results of the hierarchical clustering of the SOM cells using 
Ward method. 
Species richness was significantly different among the three clusters and between 
each two of them, and the highest value was appeared in cluster 3 (Figure 3-11). 
While, the highest value of beta diversity was detected in cluster 1 (Figure3-13) with 
the lowest value of species richness. 
The most influential factors, separating the clusters were identified by LDA. Two 
discriminant functions were generated, and the random Monte Carlo permutation test 
showed that they were highly significant (p<0.001). These functions (F1 and F2) 
accounted for 75% and 25% of the between clusters variability, respectively. It was 
mainly determined by ATIT (cosine=0.94), LONG (cosine=-0.89), PREC 
(cosine=-0.77) and AT (cosine=-0.74) to separate cluster 1 and cluster 2 & 3, and 
mainly by AREA (cosine=0.87) to separate cluster 2 and cluster 3. The similarities of 
environment of the three clusters of lakes were also shown in Figure 3-14. Cluster 2 
and 3 are more closed to each other than to cluster 1, which indicates the environment 
was more similar between cluster 2 and 3.  
 
Figure 3-11. Species richness and limnological characteristics comparisons among the 
three clusters. Environmental variable identifications refer to Table 3-8. 
 Figure 3-12. Location and climate parameters comparisons comparison among the 
three clusters. Environmental variable identifications refer to Table 3-8. 
 
Figure 3-13. Beta diversity of fish community of the three clusters. 
 Figure 3-14. LDA results. (A). Axis 1 and axis 2 account for 75% and 25% of the 
between clusters variability, respectively. Each cluster is presented as a circle with 
different number in the centre. (B). Circles showing the contribution of the 
environment parameters to the Axis 1 and Axis 2. (C) Histogram showing eightvalues 
of the LDA. Environmental variable identifications refer to Table 3-8. 
By using eight environmental variables, the predicted assignment of each site unit 
to the correct cluster had an average success of 95% from MLP-BP model. Table 3-9 
shows details of the prediction success of each cluster. The best prediction was 100% 
when predict cluster 1, the other two clusters also had high values of successful 
prediction, 97% and 91%, respectively. Relative contribution of each environmental 
variable to each cluster was shown in the Figure 3-15. The most important 
environmental variables in prediction the three clusters were WD, AT and DL for 
cluster 1, AT for assemblage 2, WD for assemblage 3. 
 
Table 3-9. Confusing matrix showing the leave-one-out cross validation of the 
MLP-BP model by using eight environmental variables. The overall percentage of 
successful prediction is 96%. 
Observed/Predicted Presence Absence Success % 
assemblage 1 28 0 100 
assemblage 2 27 1 97 
assemblage 3 12 2 91 
 
 
Figure 3-15. Relative contribution of environmental variables to each cluster predicted 
by MLP-BP model. Environmental variable identifications refer to Table 3-8. 
The species richness for each lake ranged from 1 to 117, which could be 
satisfactorily predicted through the MLP-BP prediction model by using the set of 
eight environmental variables. The result of the model showed high predictability 
with a correlation coefficient of 0.98 (p<0.001) in the cross-validation tests. Moreover, 
the majority of the points in the scatter plot of observed values and predicted values 
were well-aligned along the diagonal of the best prediction (Figure 3-16A). AT played 
the most important role in predicting the species richness (Figure 3-16B). 
 
Figure 3-16 MLP-BP model predicting fish species richness in studied lakes.  (A) 
Recognition performance of the MLP-BP model in predicting species richness. (B) 
Relative contribution of each environmental variable in prediction fish species 
richness. Environmental variable identifications refer to Table 3-8. 
DISCUSSION 
Lakes in the Yangtze River basin were classified into three clusters. Attitude is the 
main distinguishing environmental variable between lakes cluster 1 and lakes in 
cluster 2 & 3 (Figure 2). According to their geographic locations, 20 lakes of high 
were classified in cluster 1 (i.e. lakes in Tibet, Sichuan and Yunnan province). The 
species richness was varied from 1 to 37. Fish patterns and processes of changes in 
species composition between lakes in this cluster (i.e. beta diversity) were 
significantly higher than other clusters, which indicated specialist species were rich in 
those lakes. 
The debate between biodiversity is determined by evolutionary diversification or by 
interactions among species (i.e. competition, predation, and mutualism) seems 
difficult to be compromised (Ricklefs 2004), for many minds the two were 
incompatible. While, on the other hand of view, many researches confirmed the 
diversity patterns can be related to the capacity of environments to support coexisting 
(Angermeier and Karr 1983; Moyle and Leidy 1992; Yachi and Loreau 1999; Kleijn 
and Sutherland 2003; Ricklefs 2004). AT, DL and PREC were the most important 
environmental variables for discriminating fish assemblages belonging to this cluster. 
The three environmental factors were mainly related to primary productivity. As lakes 
in this cluster were mainly oligotrophic, the transfer of energy from primary 
productivity to fish production is several orders of magnitude more efficient in 
oligotrophic ecosystems than in eutrophic ones (Downing, Plante et al. 1990). 
The environment of lakes in cluster 2 and cluster 3 was quite similar compared to that 
of cluster 1 (Figure 2). Lake area was the most important environmental factor that 
distinguished the two clusters lakes. The average lake area of the two clusters was 69 
and 923 km2, respectively. Lake area is one of the most important environmental 
variable in determining species richness, especial in high diversity ecosystems (Tonn 
and Magnuson 1982; Matuszek and Beggs 1988; Amarasinghe and Welcomme 2002; 
Zhao, Fang et al. 2006). Species richness was significant higher in lakes of cluster 3 
than those in cluster 2, and the range of it was 23 to 83 in cluster 2, 60 to 117 in 
cluster 3. 
The most important factor in prediction lakes in cluster 3 was WD. Many studies have 
shown that the fish communities in lakes of this area were tightly connected with 
water depth (Xie, Cui et al. 2000; Ye, Li et al. 2006; Cheng, Lek et al. 2010). Lakes in 
cluster 3 were concentrated in the middle and lower reach of the Yangtze River, and 
most of them were shallow lakes. Species richness in shallow lakes has higher species 
richness than in deep ones (Figure 1). While, species richness increased with the 
increasing of water depth increasing in those shallow lakes (SP=2.15WD+73.18). 
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INTRODUCTION 
Changes in biodiversity patterns due to human activities are acknowledged worldwide 
(Coles, 1997; Lodge et al., 1998; Sala et al., 2000; Millennium Ecosystem 
Assessment, 2005). The impact of humans on ecosystems is particularly obvious in 
freshwater ecosystems (Dudgeon et al., 2006), as declines in biodiversity are far 
greater in freshwater ecosystems than in most terrestrial ecosystems (Sala et al., 2000). 
Recent attention has focused on the effects of multiple stressors in freshwater 
ecosystems, among which habitat degradation, pollution, aquaculture and the 
introduction of non-native species are thought to be the main threats to biodiversity 
(Lodge et al., 1998; Sala et al., 2000; Dudgeon et al., 2006). Habitat degradation 
involves direct effects when the habitat is destroyed or indirect effects when there are 
changes in physico-chemical parameters (Richter et al., 1997, Dudgeon et al., 2006). 
For instance, dam building imposes synergistic stresses on riverine ecosystems, and 
leads to biotic and abiotic changes (Fahrig, 2002; Nilsson et al., 2005; Park et al., 
2003, Tockner et al., 2010). Similarly, the loss of connections between ecosystems 
(e.g. between a lake and a river) could produce modifications in the physical habitat 
and hence decrease the biodiversity by extirpating native species and facilitating the 
invasion of exotic species in the river floodplains (Power et al, 1996). However, very 
little is known about the effect of the loss of connections on the biotic and abiotic 
integrity of freshwater ecosystems, particularly when coupled to other stressors such 
as aquaculture. 
The Central Yangtze ecoregion is characterized by vital ecological functions and 
unique biodiversity, and was therefore considered as one of the Global 200 priority 
ecoregions for conservation (Olson & Dinerstein, 1998). In this region, lakes are 
naturally connected to rivers, and formed a complex network of water systems 
characterized by high fish diversity (Chang & Cao, 1999; Xie & Chen, 1999). 
However, in order to control floods, extensive water conservancy projects were 
implemented along the Yangtze River during the 1950s-1970s. As a consequence, 
most lakes have been disconnected from rivers by dams, locks or other 
water-regulating constructions, therefore impeding the migration of fish between 
water bodies (Xie & Chen, 1999; Fang et al., 2005). In parallel, considerable 
aquaculture has flourished in this area (Liang & Liu, 1995; Cui & Li, 2005). Before 
the loss of the river-lake connections, traditional fishing consisted in exploiting 
natural fish populations in those lakes. Then, after the loss of connections, intensive 
aquaculture developed in most of the lakes. The main aquaculture species are native 
carp (e.g. Hypophthalmichthys molitrix, Hypophthalmichthys nobilis and 
Ctenopharyngodon idella), valuable species (e.g. Siniperca chuatsi and Eriocheir 
sinensis), and more recently non-native species began to be cultured (e.g. Leiocassis 
longirostris) (Table 1). To date, there have been very few studies (Power et al., 1996; 
Wang et al., 2005; Tockner et al., 2010) that have systematically examined the abiotic 
and biotic changes following such loss of connectivity between lakes and rivers, 
notably because of a lack of temporal data describing in detail those kinds of 
ecosystems. This is, however, of prime importance for developing efficient 
conservation programs, especially in China where there are a large number of 
endemic fish species (Fu et al. 2003).  
Classically, diversity indices used for measuring the anthropogenic impact on fish 
assemblages have mainly focused on the taxonomic identity of species (i.e. species 
richness and measure of evenness) (Peet, 1974; Washington, 1984; Magurran, 2004). 
However, these indices failed to account for the intrinsic biological characteristics and 
differences among species. Indeed, beyond changes in taxonomic structure, a key 
question is to understand how environmental changes affect the functions of 
ecosystems carried out by communities (McGill et al., 2006). Towards this aim, it is 
thus necessary to consider the changes in the functional diversity of communities, i.e. 
the diversity of the biological attributes of the species involved (Diaz et al., 2007).  
The aims of this study were threefold. Firstly, we sought to assess the changes in the 
environmental characteristics of the lakes that followed the loss of lake-river 
connections. Secondly, we evaluated the temporal variations in the taxonomic 
composition of fish communities. Finally, we assessed the changes in the functional 
diversity of the fish communities in the lakes. To do this, we exploited a unique 
spatio-temporal database summarizing biotic and abiotic conditions for eight lakes of 
the Yangtze River basin over a 30-year period. We expected drastic changes in the 
abiotic characteristics of the lakes after the loss of the lake-river connections, notably 
because of the reduction in water exchange and the entry of exogenous nutrients from 
aquaculture. We also expected these changes to be followed by a high turnover in the 
taxonomic diversity of the fish communities, as well as a loss in the overall taxonomic 
diversity. Similarly, we expected a decrease in the functional diversity of the fish 
communities, due in part to the changes in the environmental characteristics and to the 
impossibility for some species to migrate between water bodies. 
 
MATERIALS AND METHODS  
1. Study  area 
The eight lakes chosen for our study are located in the central zone of the Yangtze 
River basin (E: 114°18′ ~ 116°32′; N: 29°49′ ~ 30°27′) in Hubei, China. This area is 
located in the North Temperate Zone and has a large number of lakes (Hubei alone 
has over 1300 lakes). All of the chosen lakes are relatively close to each other (within 
200 km2), and share the same regional pool of fish species. They were all connected to 
the Yangtze River before 1970s but in order to control the floods, the connections 
have been severed by dams, and all the lakes have now been used for aquaculture for 
several decades.  
2. Data collection 
The environmental data were collected every ten years from 1980 to 2010, and were 
classified as three periods (<1990, <2000 and <2010) to facilitate analyses. 
Environmental data included: water temperature (WT), water depth (WD), water 
transparency (TRA) measured by Secchi depth, total nitrogen (TN), pH, rigidity 
(RIG), conductivity (CON) and alkalinity (ALK). These data were based on previous 
studies in those lakes and are summarized by Liang & Liu (1995) and Cui & Li 
(2005).  
3. Data analyses 
3.1  Environment change analyses 
Changes in the environmental conditions and similarity over the three periods were 
analyzed using Non-metric Multidimensional Scaling (NMDS). NMDS is an 
unconstrained ordination method for indirect gradient analysis in community ecology 
(Minchin 1987). The NMDS ordination procedure can be used to visualize the 
similarities among samples (Oksanen et al., 2008). The scatter diagrams of NMDS 
result were summarized by a centroid and a circle for each period, with the centroid 
representing the mean environmental conditions for each period and the size of the 
circle the environmental similarity for each period (smaller circles meaning a higher 
between-lakes similarity than larger circles). Permutational Multivariate Analysis of 
variance was used to test for differences between centroids (i.e. differences in 
environmental conditions between periods). Environment similarity between lakes of 
a given period was measured as a non-euclidean distance between objects (i.e. lakes) 
and the group centroid. The equation to calculate the distance to its centroid of an 
object is z[ij]^c = sqrt(Delta^2(u[ij]^+, c[i]^+) - Delta^2(u[ij]^-, c[i]^-)), where 
Delta^2 is the squared Euclidean distance between u[ij], the principal coordinate for 
the jth point in the ith group, and c[i], the coordinate of the centroid for the ith group. 
The super-scripted + and - indicate the real and imaginary parts respectively 
(Anderson, 2006). The differences of the distances were tested by ANOVA among the 
three periods, and by Permutation Tests between period pairs.   
3.2 Analyses of taxonomic composition  
Fish species richness was compared between the four periods using Kruskal-Wallis 
rank sum tests followed by multiple comparison tests. Changes in fish composition 
and similarity among fish communities were analyzed using NMDS as described 
above for environmental data. Permutational Multivariate Analysis of variance using 
distance matrices was applied to test for differences between centroids (i.e. to test for 
changes in the fish composition among the four periods). Taxonomic similarity 
among lakes for a given period was measured as the non-euclidean distances between 
objects (i.e. lakes) and group centroids. ANOVA was performed to test for differences 
in community similarities among periods and a Permutation Test to test for 
differences between pairs of periods.  
In order to evaluate how the presence of non-native fish species affected changes in 
community composition and similarity, we carried out the same tests on the fish 
community without including the non-native species. 
3.3 Analyses of the functional diversity of fish communities  
Measuring the functional diversity of communities requires, as a first step, the 
functional characterization of the species pool using a set of relevant functional traits 
(Villéger et al., 2007). For each species of the global database, values for seven traits 
were recorded from FishBase (Froese & Pauly, 2010, http://fishbase.org). This set of 
traits aims to assess the functional niche of each species and account for the following: 
migration status (migratory or sedentary species), maximum body length, maximum 
age, body length at maturity, age at maturity, trophic guild (carnivorous, herbivorous 
and invertivorous) and habitat preference (pelagic, benthopelagic and demersal). 
As this set of traits gathered both qualitative and quantitative parameters, a 
multidimensional functional space was built in two steps following Villéger et al. 
(2008). First, functional pairwise distances between species were computed using the 
Gower’s distance, which allows different types of variables to be mixed while giving 
them equal weights. Then, using this functional distance matrix we carried out a 
Principal Coordinates Analysis (PCoA). PCoA provided coordinates for each species 
in a multidimensional space, the axes of which may be considered as independent 
synthetic functional traits. In fact, following a trade-off between information quality 
and interpretability, we only retain the fourth first axes, which globally summarize 
89% of the initial variance. Species distribution in this four-dimensional functional 
space is illustrated in Fig. 5. Specialization of a focal species can be defined as its 
Euclidean distance to the center of gravity of all the species in the four-dimensional 
functional space (Devictor et al., 2009 and Bellwood et al., 2006). 
Functional diversity gathers three independent facets, of which functional richness (i.e. 
range of functional traits present) is the only one that does not require species 
abundances (Villéger et al., 2010). When considering a multidimensional framework, 
functional richness is measured as a multidimensional range using the convex hull 
volume (Cornwell et al., 2006). The convex hull is defined by the following condition: 
if two points belong to the convex hull, any point on the segment between these points 
also belongs to it. The convex hull thus depends on the most extreme points, called 
vertices. 
Functional richness was computed for all communities (each lake and each period), 
based on the PCoA coordinates of the species present. These raw values where then 
standardized to a percentage by dividing by the convex hull volume filled by the 
whole set of species. 
All the analyses were carried out in R software (R Development Core Team, 2008) 
under the packages: vegan (Oksanen et al., 2008), ade4 (Chessel et al., 2004; Dray et 
al., 2007a,b),  geometry (Grasman and Gramacy et al., 2010) and cluster (Maechler 
et al., 2005). 
 
RESULTS 
1. Environment changes in the lakes 
We found significant environmental changes among the three periods (p<0.001). The 
lakes' environmental conditions were similar in the 1980s and 1990s, while significant 
changes were detected afterwards (since the 2000s). Specifically, there was a 
significant decrease in water transparency and a significant increase in the total 
nitrogen in the recent 10-year period. Moreover, the water depth also decreased 
whereas the rigidity, the conductivity and the alkalinity increased significantly (Fig. 1). 
We also found a slight (not significant) decrease in environmental similarity over time, 
with lakes being more dissimilar after 1980’s. 
 Figure 1. Environment heterogeneity changes in shallow lakes after losing lake-river 
connections from the 1990s to 2010s. (a) Environment heterogeneity changes from 
the 1980s to 2010s. (b) Vector plots showing the correlation of environmental 
variables. 
 
2. Changes in the taxonomic diversity of fish  
2.1 Changes in species richness  
 We detected a non-significant trend toward a decrease in fish species richness since 
the 1970s (p=0.39). There was a sharp decrease in the total number of species since 
the 1970s with a drop from more than 90 species in the 1970s to less than 80 species 
thereafter.  
 Figure 2. Average and total species number in each period after losing lake-river 
connections from the 1970s to 2010s. (a) Average number of species changes from 
the 1970s to 2010s. (b) Total species changes from 1970s to 2010s. 
 
      2.2 Changes in the similarity of fish communities among lakes 
According to the NMDS analyses of fish communities, we did not detect significant 
changes in species compositions during the four periods (i.e. no difference between 
the centroids of the four circles, p>0.05, Fig. 3A). However, we found significant 
changes in the similarity of the fish communities within each period (Fig. 3A and 3B). 
The similarity of the fish communities increased linearly over the four periods (Fig. 
3B, multivariate permutation test p<0.001). There were significant differences 
between the periods 1970s and 1990s, 1970s and 2000s (p<0.05, table 1), but not 
between 1990s and 2000s (p<0.4).  
The alien species and the main aquaculture species are highlighted in Table 1. Three 
alien species (Leiocassis longirostris, Oreochromis mossambicus and Oreochromis 
niloticus) were found in these lakes. These alien species were all brought in by 
aquaculture while the other aquaculture species were native ones. We did the same 
analyses without alien species, and the results were not significantly affected (not 
shown).   
 
Figure 3. Fish heterogeneity and beta diversity of four periods in shallow lakes after 
losing lake-river connections from the 1970s to 2010s. (a) Fish heterogeneity changes 
from the 1970s to 2010s. (b) Fish beta diversity changes from the 1970s to 2010s. 
 
Table 1. Functional distance of each species in the four-dimensional functional space 
and Generalized Linear Model (GLM) testing the temporal change in occurrence of 
each species a, b.  
Fish species  Code  A/ F c Functional distance 
Null 
deviance 
Residual 
deviance  Pr  sig.
d
Acheilognathus.barbatulus ABA    0.2027  27.7259  27.2427  0.9226  
Acheilognathus.chankaensis ACH    0.1972  0.0000  0.0000  1.0000  
Anguilla.japonica AJA    0.6617  26.9205  21.1922  0.1256  
Acheilognathus.macropterus AMA    0.1969  7.9406  5.7416  0.5321  
Aristichthy.nobilis ANO  F  0.5536  0.0000  0.0000  1.0000  
Abbottina.rivularis ARI    0.1822  7.9406  5.7416  0.5321  
Acheilognathus.taenianalis ATA    0.1972  13.0030  10.2400  0.4296  
Acheilognathus.tonkinensis ATO    0.1997  22.4934  9.9054  0.0056 ** 
Botia.superciliaris BSU    0.2681  20.0161  13.9210  0.1071  
Channa.argus CAL  F  0.3095  0.0000  0.0000  1.0000  
Culter.alburnus CAR    0.2735  13.0033  9.9054  0.3768  
Cobitis.arenae CAG    0.2164  0.0000  0.0000  1.0000  
Carassius.auratus CAU    0.3007  0.0000  0.0000  1.0000  
Culter.axycephalus CAX    0.3122  20.0161  16.6935  0.3445  
Coilia.brachygnathus CBR    0.2143  25.8979  22.7441  0.3685  
Cyprinus.carpio CCA  F  0.4742  0.0000  0.0000  1.0000  
Culter.dabry CDA    0.1735  0.0000  0.0000  1.0000  
Coilia.ectenes CEC    0.3443  13.0033  9.9054  0.3768  
Culterichthys.erythropterus CER    0.1734  0.0000  0.0000  1.0000  
Can.Hemiculter CHE    0.1784  0.0000  0.0000  1.0000  
Coreius.heteroden CHT    0.1360  7.9406  4.4987  0.3284  
Ctenopharyngodon.idellus CID  F  0.5626  0.0000  0.0000  1.0000  
Culter.mongolicus CMO    0.2484  25.8979  23.2852  0.4553  
Cobitis.sinensis COB    0.1950  13.0030  10.2400  0.4296  
Coreosiniperca.roulei CRO    0.1742  7.9406  5.7416  0.5321  
Cobitis.sinensis CSI    0.1948  20.0161  13.1833  0.0774 . 
Distoechodon.hupeinensis DHU    0.1410  27.5256  25.3782  0.5424  
Distoechodon.tumirostris DTU    0.1356  7.9406  4.4987  0.3284  
Elopichthys.bambusa EBA    0.7078  24.4350  18.7870  0.1300  
Fugu.ocellatus FOC    0.3078  7.9406  4.4987  0.3284  
Gnathopogon.guichenoti GGU    0.1812  13.0030  10.2400  0.4296  
Hemiculter.bleekeri HBL    0.1861  16.9084  14.9674  0.5848  
Hemisalanx.brachyrostralis HBR    0.2796  16.9084  15.6470  0.7383  
Hyporhamphus.intermedius HIN  F  0.3741  22.4934  19.4661  0.3874  
Hemibarbus.labeo HLA    0.3845  7.9406  5.7416  0.5321  
Hemibarbus.maculatus HMA    0.1497  24.4350  12.8740  0.0091 ** 
Hemibagrus.macropterus HMC    0.2799  7.9406  4.4987  0.3284  
Hypophthalmichthys.molitrix HMO    0.4576  0.0000  0.0000  1.0000  
Hypseleotris.swinhonis HSW    0.2826  13.0033  9.9054  0.3768  
Leiocassis.longirostris LLO  A/F  0.2764  16.9080  14.0590  0.4155  
Luciobrama.macrocephalus LMA    0.4847  7.9406  4.4987  0.3284  
Leptobotia.taeniops LTA    0.1909  20.0161  17.8785  0.5443  
Monopterus.albus MAL    0.2768  7.9406  4.4987  0.3284  
Megalobrama.amblycephala MAM  F  0.1366  0.0000  0.0000  1.0000  
Misgurnus.anguillicaudatus MAN    0.2705  7.9406  5.7416  0.5321  
Myxocyprinus.asiaticus MAS    0.5216  7.9406  4.4987  0.3284  
Macropodus.chinensis MCH    0.2835  13.0033  9.9054  0.3768  
Microphysogobio.kiatingensis MKI    0.1827  13.0033  9.2258  0.2865  
Mugilogobius.myxodermus MMY    0.2892  27.7259  26.5631  0.7620  
Mylopharyngodon.piceus MPI    0.6317  0.0000  0.0000  1.0000  
Macrura.reevesi MRE    0.4308  7.9406  4.4987  0.3284  
Mastacembelus.sinensis MSI    0.1578  0.0000  0.0000  1.0000  
Megalobrama.skolkovii MSK    0.1419  27.7259  26.1962  0.6754  
Neosalanx.taihuensis NEO    0.2930  25.8979  22.7441  0.3685  
Neosalanx.taihuensis NTA    0.2922  26.9205  26.0578  0.8344  
Opsariichthys.bidens OBI    0.1817  16.9084  15.6470  0.7383  
Ochetobius.elongatus OEL    0.2488  24.4346  21.5591  0.4112  
Oryzias.latipes OLA    0.2117  27.5256  27.2427  0.9632  
Oreochromis.mossambicus OMO  A/F  0.3729  13.0033  9.5607  0.3283  
Oreochromis.niloticus ONI  A/F  0.3860  13.0033  9.5607  0.3283  
Odontobutis.obscurus OOB    0.1883  7.9406  5.7416  0.5321  
Pseudobagrus.albomarginatus PAL    0.1779  7.9406  4.4987  0.3284  
Parabotia.banarescui PBA    0.1863  25.8979  18.9250  0.0728 . 
Paramisgurnus.dabryanus PDA    0.2684  13.0030  10.2400  0.4296  
Pseudolaubuca.engraulis PEN    0.1974  13.0030  10.2400  0.4296  
Parabotia.fasciata PFA    0.1861  13.0033  9.9054  0.3768  
Pelteobagrus.fulvidraco PFU    0.2762  0.0000  0.0000  1.0000  
Paracanthobrama.guichenoti PGU    0.1354  26.9205  18.2812  0.0345 * 
Panacheilognathus.imberbis PIM    0.2050  20.0161  18.2812  0.6292  
PseudObagrus.nitidus PNI    0.2831  13.0033  9.9054  0.3768  
Pseudorasbora.parva PPA    0.1832  0.0000  0.0000  1.0000  
Parabramis.pekinensis PPE  F  0.1445  22.4934  19.8330  0.4470  
Pseudolaubuca.sinensis PSI    0.1936  26.9205  23.2852  0.3036  
Pseudobrama.simoni PSM    0.1768  22.4934  19.4661  0.3874 * 
Pelteobagrus.vachelli PVA    0.2770  20.0161  12.1949  0.0499  
Rhinogobius.cliffordpopei RCL    0.2864  25.8979  21.6976  0.2406  
Rhodeus.fangi RFA    0.2073  20.0161  17.8785  0.5443  
Rhinogobius.giurinus RGI    0.2839  7.9406  4.4987  0.3284  
Rhodeus.lighti RLI    0.2081  25.8979  22.7441  0.3685  
Rhodeus.ocellatus ROC    0.2073  20.0161  17.8785  0.5443  
Rhinogobio.typus RTY    0.1358  7.9406  4.4987  0.3284  
Squalidus.argentatus SAR    0.1800  27.7259  23.2852  0.2176  
Silurus.asotus SAS    0.4185  20.0161  14.0594  0.1137  
Siniperca.chuatsi SCH  F  0.2063  0.0000  0.0000  1.0000  
Squaliobarbus.curriculus SCU    0.1443  27.5256  26.1962  0.7222  
Saurogobio.dabryi SDA    0.1433  20.0131  16.6935  0.3445  
Saurogobio.gymnocheilus SGY    0.1528  7.9406  4.4987  0.3284  
Siniperca.kneri SKN    0.2144  16.9084  13.7825  0.3726  
Sarcocheilichthys.nigripinnis SNI    0.1810  7.9406  5.7416  0.5321  
Squalidus.nitens SNT    0.1870  24.4350  14.0590  0.0156 * 
Siniperca.scherzeri SSC    0.1759  20.0161  16.6935  0.3445  
Sarcocheilichthys.sinensis SSI    0.1607  22.4934  19.3277  0.3668  
Silurus.soldatovi SSO    0.3866  13.0030  11.1480  0.6030  
Toxabramis.swinhonis TSW    0.2119  7.9406  5.7416  0.5321  
Xenocypris.argentea XAR    0.1366  24.4346  17.8785  0.0875 . 
Xenocypris.davidi XDA    0.1359  24.4346  23.2852  0.7652  
Xenocypris.microlepis XMI    0.1364  26.8205  24.3317  0.4595  
a: For each species, presence/absence in each lake as the dependent variable and 
periods as the independent variable. 
b: Each GLM result indidated the null and the residual deviance, as well as the 
proability of rejecting the null hypothesis.   
c: ‘A’ stands for alien species, and ‘F’  for the main fishery species in the lakes.   
d: Signif. Codes:  ‘**’ : p < 0.01, ‘*’: p < 0.05.   
 
3. Changes in functional richness 
Most of the lakes that showed a decrease in species richness were also affected by a 
loss of functional richness, but the magnitude of this loss varied considerably. For 
example, in both Biandangtang Lake and Niushanhu Lake the species richness 
decreased by 7 species, while functional richness decreased by 37% in Biandangtang 
Lake, but only decreased by 7% in Niushanhu Lake (Fig. 4). Among the lakes 
showing an increased species richness some also showed an increase in their 
functional richness but others showed a decrease. For instance, species richness had 
increased in Liangzihu Lake, but functional richness decreased by 2% (Fig. 4). This 
last finding is determined by a non-random functional turnover, with generalist 
species replacing original ones (which historically contributed to a high functional 
richness).  
 Figure 4. Species richness (SR) changes and the corresponding functional richness 
(FRic) changes in each lake for each period. A positive value indicates an increase in 
species or functional richness over time. Different symbols stand for different periods 
(see the legend in the figure). Lake names are coded: BDT: Biandantang Lake; LUH: 
Luhu Lake; LZH: Liangzihu Lake; NSH: Niushanhu Lake; TXH: Tangxunhu Lake; 
WUH: Wuhu Lake; XSH: Xiaosihai Lake; ZDH: Zhangduhu Lake. 
 
The fish with highest values for functional specialization i.e. distributed at the edges 
of functional spaces (Fig. 5) were: Mylopharyngodon piceus (MPI), Anguilla japonica 
(AJA) and Elopichthys bambusa (EBA), Myxocyprinus asiaticus (MAS), 
Ctenopharyngodon idellus (CID). Most of these fish are migratory species. 
We tested whether the presence/absence of each species significantly changed over 
the course of the last decades using binomial regressions (results shown in Table 1). 
Eight species, which were commonly found in those lakes in recent years, showed 
significant changes between the different periods. Most of them had low values of 
functional specialization (Table 1), and were close to each other in functional spaces 
(Fig. 5). Seven of them were lacustrine species, which were found widely distributed 
in these lakes in the recent 10 years after losing the connection between the river and 
the lakes.  
 
 
Figure 5. Species are plotted in the four-dimensional functional space according to 
their respective traits (a: Axes 1 VS Axes 2; b: Axes 3 VS Axes 4). Species with 
extreme values (i.e. significantly changed over the four periods and high/low values in 
functional specialization) are noted with their codes. 
 
DISCUSSION 
We detected severe environmental changes in the very recent decades that matched 
the loss of the connection between this set of lakes and the Yangtze River system. 
This loss in connectivity can limit the possibility for water exchange between water 
bodies, and hence explained such abrupt environmental changes (Power et al, 1996; 
Tockner et al, 2010). However, the increase in total nitrogen and the conductivity 
could also be ascribed to the input of nutrients inherent to aquaculture (Liang & Liu, 
1995; Cui & Li, 2005). Given that these two pressures (loss of connectivity and 
aquaculture) are acting simultaneously on the lakes (Xie & Chen, 1999; Wang, et al., 
2005), teasing apart the relative effect of each is a difficult task and would require 
additional data. Nonetheless, these changes led to a considerable increase in the 
nutrient concentration in the water and a disappearance of macrophytes, therefore 
strikingly decreasing the water transparency in the recent ten years. Moreover, the 
loss of the water supply from the river probably led to the observed decrease depth of 
the lakes. Environmental conditions play an important role in the organization of 
lacustrine fish communities (Tejerina-Garro, 1998; Amarasinghe & Welcomme, 
2002). Many studies have shown that the fish communities in these Chinese lakes 
were tightly connected with environmental parameters, such as water transparency, 
water depth and water temperature (Xie et al., 2001; Ye et al., 2007; Yu & Xian, 2009; 
Xie Cheng et al., 2010a, b). Thus, we expected that environmental changes induced 
by losing lake-river connections would also indirectly affect the fish taxonomic 
composition.  
Unexpectedly, although a tendency emerged, we failed to find a significant decrease 
in the species richness over the last four decades. Moreover, changes in species 
richness were irregular during this period. This temporal irregularity might be the 
combined consequences of the collapse of native fish species, the invasion of 
non-native species, such as Oreochromis mossambicus (in the 1990s), Oreochromis 
niloticus (in the 1990s) and Leiocassis longirostris (in the 2000s), and the stocking of 
aquaculture species (Table 1). Interestingly, our functional analysis of the fish 
diversity revealed that changes in biodiversity cannot be expressed only by the use of 
taxonomic information. Indeed, changes in fish species richness and functional 
richness were sometimes inconsistent. For instance, this can happen when species 
turnover is such that a new species with original functional traits replaces a generalist 
species (in that case, species richness stagnate while functional richness decrease). 
Conversely, when species richness decreased, functional richness can decrease at a 
different rate, or even stagnate, for example when species loss is directed toward 
generalist species. Our results clearly illustrate the need to consider biodiversity 
within a multi-facet framework.  
We found significant differences in the similarity of fish communities over the last 
four 10-year periods. Similarity steeply increased since the 1980s, indicating a strong 
decrease in beta diversity. Specifically, significant changes were detected in the 10 
years from the 1980s to 1990s, while there were no significant changes before the 
1980s and after the 1990s. The finding that fish communities did not significantly 
change during the first decade after the loss of lake-river connections could be 
explained by a biological delay between the effects of human disturbances and the 
response of fish populations. In addition, our results might indicate that the fish 
community tended to be more stable in the recent 10 years, even if the beta-diversity 
of the fish communities was still slight decreasing. 
A decrease in beta-diversity over time indicates a homogenization of communities.  
In general, community homogenization is ascribed to the loss of native species and 
the establishment of a small number of non-native species (Olden & Rooney, 2006). 
We tested for the effect of non-native species by doing all our analyses without 
including non-native species (see Table 1 for the list of non-native species). The 
NMDS gave similar results when we considered only native species. This indicates 
that, contrary to most previous studies, the introduction of non-native species was not 
the main driver of change in similarity in those communities. Even without the 
non-native species in the analysis, we still failed to detect a significant decrease in 
species richness. Therefore, we can reasonably assume that change in environmental 
conditions due to the loss of connectivity and the development of aquaculture lead to 
a turnover within the native species pool. 
Our functional analysis also shed light on the processes behind such homogenization. 
As shown in the fish functional spaces and functional distance, the homogenization of 
fish communities could mainly be ascribed to the disappearance of migratory fish 
species and an increase in lacustrine fish species. Specifically, migratory fish with 
long life-spans and large size were mainly affected by the changes we report here. 
These species are distributed at the edge of the functional space and can therefore be 
defined as specialist species (Devictor et al., 2010). For instance, ten fish species 
disappeared after the 1970s; they were all larger than 50 cm in length and three of 
them were migratory species.  
 
CONCLUSION 
Our multi-facet analysis demonstrates that the development of aquaculture, combined 
with the loss of connectivity between riverine and lake ecosystems drastically affects 
the biotic and abiotic integrity of shallow lakes in China. Our study is one of the first 
to demonstrate how the loss of connectivity between freshwater ecosystems can affect 
both the taxonomic and functional diversity of freshwater fish communities. Very 
importantly, the combined analysis of taxonomic and functional richness of 
freshwater fish communities showed that the use of traditional diversity indices (e.g. 
taxonomic species richness) can sometimes fail to reveal the impact of human 
disturbances. Accordingly, our study demonstrates that the recently developed 
statistical methods used for the analysis of functional diversity are powerful tools for 
assessing biotic changes following human disturbances (Villéger et al., 2010). 
In addition, our study reveals an interesting pattern whereby freshwater fish 
communities homogenize over time. Homogenization is traditionally ascribed to the 
establishment of non-native species, and our study is one of the first to demonstrate 
how other human activities (loss of connectivity and aquaculture) can also lead to a 
decrease in beta-diversity. We therefore generalize a global pattern (homogenization) 
to other human activities than species introduction.  
From a more applied point of view, our study demonstrates that, although biodiversity 
in Chinese lakes has been significantly remodeled in the recent decades, we still failed 
to detect a significant decrease in fish species richness. Nevertheless, human 
disturbances can severely affect the abundance of native species without leading to 
their extinction while non-native species can remain at a very low population level. 
Therefore, it would be challenging to carry out similar analyses but using taxonomic 
and functional diversity indices to account for species abundance (e.g. Pielou’s 
evenness, functional divergence, Villéger et al. 2010).  
We therefore argue that the time is ripe to initiate major and efficient conservation 
plans to restore or at least preserve such biodiversity. Among others, actions should be 
under taken to ensure fish migrations between lakes and river system, by either 
installing fish passes or starting assisted migration programs for large fish species for 
example. Additionally, aquaculture programs should be designed to favor the rearing 
of native rather than non-native fish species, to limit the ongoing tendency to 
homogenization. In parallel, we propose the development of supportive breeding 
programs that would preserve the biological integrity of native species that are not 
targeted by aquaculture and fisheries activities (e.g. small native fish species) to avoid 
a loss of species richness in the future. 
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